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Summary
Ultra Wide-Baiid (UWB) communications is an emerging technology which can provide numerous 
advantages compared to conventional wireless systems. UWB teclmology aims to incorporate low- 
power, noise-like signal transmissions, making them ideal for use in Wireless Body Area Network 
(WBAN) communication systems. Towards this end, the work presented in this tliesis is oriented to 
the statistical characterization and modelling of UWB-WBAN channels. The most important aspects 
of the work undertaken in tliis tliesis are reviewed below.
The first contribution o f this thesis is an enhancement upon the existing UWB on-body channels. 
More specifically, an advanced Markov-chain teclmique has been employed in order to predict tlie 
patli aixival sequence on channels of this sort. Results suggest that this methodology can accurately 
represent the experimental data, and provide more reliable results when compared to the classic 
Poisson approach.
The second contribution of the thesis inhoduces a novel two-dimensional signal strength prediction 
model, applicable to the UWB off-body propagation channel. Tliis model is based on real-body 
measurements, eanied out in controlled environments. The parameters that characterize this specific 
propagation environment have been evaluated and validated by means of comparison with the 
empirical data.
The third contribution of this thesis incorporates a generalization of die UWB off-body total power 
gain model for different types of indoor environments. More specifically, the effect o f the indoor 
scattering in tire received signal strength is tliorouglily examined with respect to both Üie distance and 
body orientation. Furthermore, the small-scale fading, the temporal correlation and the time 
dispersion characteristics o f the received signal are investigated.
Finally, bringing all pieces together, a statistical Power Delay Profile (PDP) model for the 
evaluation and design of UWB off-body systems has been developed. Due to the dependence of the 
radio propagation channel on die body orientation, separate stochastic tapped-delay-line models are 
developed for each body region. It is shown that the proposed modeling technique can adequately 
capture the key channel metrics o f the UWB off-body propagation channel.
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Chapter 1. Introduction
Chapter 1
1 Introduction
1.1 Motivation
The world o f radio has changed dramatically during die last few decades and the wireless 
communication market has experienced a dramatic growth. Although die first wireless 
transmissions were developed by Marconi in the end of the 19*^* century, capacity and interference 
problems put sever limitation on die use of radio at its early stages of development. The solution 
to diese problems was achieved by an innovative idea developed by researchers of AT&T Bell 
laboratories who first developed the frequency re-use cellular concept in the end of 1960’s. This 
was the first big step towaids the evolution o f die eurrent 3G communication networks which are 
based on digital transmissions that offer liigh capacity, improved cost, and power efficiency. The 
improvement o f these characteristics moves the international communications community towards 
new technologies with a potential to allow multimedia communication from anywhere to the 
world, using small personal devices or laptops. To facilitate the users at home/office, diese 
devices should be capable o f communicating wirelessly over a short range.
A  very promising technology that could acconnnodate reliable multimedia communications is 
the emerging Ultra Wide Baud (UWB) infrastructure. In 2002, the Federal Connnunications 
Committee (FCC) paved the way for die implementation o f such an exciting transmission 
technology and therefore the world o f radio can take advantage of its un-preceded benefits, 
overcoming die limitations of the current wireless technologies. Despite the fact that it is currently 
in experimental stage, UWB is a new promising technique that has a potential o f providing 
exhemely high data rates, multipadi fading mitigation, accurate ranging capabilities and covert 
communications due to the low power of operation. Furthermore, the extremely narrow pulse 
width which is in the order o f nanoseconds, allows the use of extremely low duty cycles which 
translates into low average power requirements. Therefore, contrary to its narrowband and 
wideband counterparts (e.g. Zigbee), this property makes UWB ideal for batteiy-operated 
equipment. The above characteristics facilitate the compatibility of such a technology in body- 
centric network applications, wliicli has recently received increasing attention widiin the wireless 
personal area community.
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Body-centiic networks or Wireless Body Area Networks (WBAN) consists of several compact 
intercommunicating sensors which are eitlier wearable or implanted and they aim to monitor 
several vital body parameters and movements. A personal base station (PBS) pre-processes the 
collected data and tlren retransmits it from the body to a home base station from where it can be 
forwarded to a hospital, clinic or elsewhere in real time. WBAN can be also used for 
entertainment, mood detection and information exchange purposes. The WBAN networks are 
divided into the following categories:
• In-body networks: This topology refers to communication of sensors inside tlie body with 
devices mounted on the body or with mobile access points..
• On-body networks: This topology refers to systems that exchange information between 
devices mounted on Hie same body.
• Off-body networks: This topology refers to systems where an on-body sensor (usually die 
PBS) transmits information to a nearby wireless access point.
• Body to body networks: This topology involves communication among sensors mounted 
in two different bodies.
• Body proximity networks: This topology involves communication o f an on-body device 
and an access point, mider tlie constraint that the link is blocked or influenced by a single 
or several bodies.
Initially, WBAN are expected to have applications in the liealtlicare domain, and tliey are aimed 
to be used especially for continuous monitoring and logging vital parameters to patients tliat 
suffer from chronic diseases. In the highly competitive communication indushy, such networks 
need to be accurately designed in order to be put into place in a low-complexity and cost- 
efficiency manner. To fulfil tliese requirements the physical communication channel should be 
meticulously analysed, characterized and simulated. Towards this end, this thesis provides some 
prototype channel modelling and channel simulation methods that take into consideration the 
unique characteristics o f WBAN channels under the assumption tliat tliey operate with the 
emerging UWB systems infrastructure. The methodology and results presented in tliis thesis are 
verified by real-body channel measurements carried out with small low-profile UWB antennas. 
Therefore, the simulations based on the models developed and tlie resulted channel physical 
insights can facilitate the accurate system design of future UWB body-centric communication 
systems,
1.2 Aims and Objectives
The ahn of this research was to propose some novel channel modelling techniques for 
characterizing and simulating tlie UWB-WBAN channels. In the last few years, extensive studies
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have been carried out for characterizing the on-body channels [1], [2], [3], [4]. However, some 
major aspects o f this channel such as die modelling of the path arrival sequence, have been 
ignored or modelled in a simplified manner. Therefore, the first task o f this work was to propose 
some methods that could enhance the knowledge of any identified “gaps” found in the open 
literature as far as concern the on-body channels. Fuifliermore, it is evident that a conmion factor 
in all WBAN systems is the off-body topology, since the communication between the PBS and a 
fixed access point is essential for the complete operation of such networks. To tlie best o f our 
knowledge, this particular chamiel has not been thoroughly investigated in literature. More 
specifically, in [5] the authors measure tlie alternations o f the antenna pattern when the antemia is 
mounted on the body waist. However, their findings are limited to a general description of how 
the antenna pattern changes with respect to different environments, and a mathematical 
description for the received signal strength, or a comprehensive methodology for Power Delay 
Profile (PDP) simulations are not provided. Furthennore, the measurements described in [5] were 
conducted for a fixed transmitter-receiver distance and the joint effect o f both distance and body 
orientation on the received signal strengtli was not studied. In order to talce into account the above 
considerations and moving towards tlie direction of modelling the UWB body-centric cliarmel, 
tliis thesis proposes a general, novel methodology, which can adequately characterize and 
simulate the UWB off-body radio propagation channel.
A sequential approach was followed during this investigation and the following intermediate 
objects were identified that correspond to its different stages.
A meticulous study o f existing nanowband and UWB body-centric propagation models.
Investigation and modelling of die path airival times and the path number distributions, 
for UWB on-body propagation channels.
Measuring and modelling o f the received signal strength for UWB off-body propagation 
channels, in a controlled environment (anechoic chamber), for all body regions (front, 
side, back).
Measuring and modelling o f die large and small-scale received signal strength 
characteristics, for UWB off-body channels that operate in different types of indoor 
environments.
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• An analytical time dispersion analysis of the UWB off-body propagation channel, by 
means of the channel RMS delays spread.
• Development o f a complete empirical-statistical Power Delay Profile (PDP) simulator 
capable of capturing the key-properties o f the UWB oft-body propagation channel.
1.3 Thesis Structure
This thesis consists o f 8 chapters, which are summarized below:
Chapter 2 gives a comprehensive overview o f the basic principles o f UWB signals and systems. 
It begins with an analysis of die key benefits and challenges of UWB channels. Thereafter, the 
current spectrum regulations, the basic pulse design, the data modulation and the major signalling 
techniques are presented. Chapter 2 gives also a brief introduction into the natiue of multipath 
propagation and categorizes die mobile UWB-WBAN channels with respect to important channel 
metrics. Finally, it describes the basic concept beliind RAKE receiver structures which are 
expected to play an important role in the design o f systems of this sort.
Chapter 3 presents the concept o f WBAN and classifies them into different categories. In 
addition, it provides the requirements that an UWB-WBAN antenna should meet. Finally, it 
describes basic analytical modelling principles for WBAN that operate in the UWB frequency 
range, such as die electromagnetic scattering approach, die Geometrical and Unifonn theory of 
diffraction approach, and the Finite Difference Time Domain (FDTD) mediod.
Chapter 4 presents the time and frequency domain channel sounding techniques used in 
measuring the UWB-WBAN chamiel. Thereafter, it provides some vital statistical modelling 
techniques and presents some results for die UWB on-body channel. Finally, based on UWB on- 
body channel measurements in the frequency range between 3.25 and 5.75 GHz, it investigates 
and compares different modelling teclmiques for predicting the path arrival times and the path 
number distributions in channels of this sort. It is important to be noticed that diose measurements 
were conducted in Aalborg University, as part of the MAGNET project* [6]. Furthermore, the 
selection of the measured UWB frequency range was imposed by the fact that the reflection 
coefficient (Su parameter) o f die antennas used, had an acceptable return loss value (-10 dB) 
within diis particular frequency range.
A novel path-loss model for predicting the received signal strength in UWB off-body 
propagation channels is presented in Chapter 5. The presented model is based on real body
* A big thanks is attributed to people of Antennas and Propagation Group in Aalborg University, for 
providing us with some vital UWB on-body data, that helped in completing tlie presented research w ork.
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measurements carried out in tlie frequency range between 3.5 and 6.5 GHz in an anechoic 
chamber. New parameters tliat describe this specific propagation environment are presented and 
evaluated by means o f comparison with the empirical data. Furthermore, tlie effect o f the human 
body on the UWB antenna free-space energy pattern is discussed. The free-space antenna energy 
pattern, gives tlie relative energy received by a wideband or UW^B antenna with respect to 
alternations o f the azimuth angle [3]. It can be actually interpreted as tlie wideband equivalent o f 
the free-space narrowband antemia-patteru plot.
Chapter 6 presents a novel approach for modelling the indoor UWB off-body channel, based on 
indoor measurements conducted in the frequency range between 3.5 and 6.5 GHz in different 
t)'pes of indoor environments. It starts with an investigation of the channel large and small-scale 
fading characteristics. In addition it provides a study on the temporal correlation o f adjacent delay 
bins. Thereafter, the signal strength simulator is described and the proposed model is verified by 
comparing the measured data and the simulated results. Finally, Chapter 6 provides a time 
dispersion analysis by means o f investigating die channel RMS delay spread, witii respect to both 
distance and body orientation.
Chapter 7 presents a statistical Power Delay Profile (PDP) model which can be used in the 
evaluation and design of UWB off-body communication systems. Due to the dependency of the 
radio propagation channel on the body position, a stochastic tapped-delay-line model is developed 
for each of die different body regions. Therefore, the output of die PDP model is the capability of 
simulating chamiel profiles, at arbitrary angles and distances. Results demonshate that die 
proposed model adequately captures the key properties o f the recorded profiles. Furthermore a 
comparison between the proposed modelling approach and existing models fomid in literature is 
provided.
Chapter 8 highlights die main conclusions of the work undertaken and provides directions for 
future work.
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• A. A. Goulianos and S. Stavrou, “UWB path arrival times in Body Area Networks”, IEEE 
Antennas and Wireless Propagation Letters, Vol. 6, pp. 223-226, 2007.
• A. A. Goulianos, T. W. C. Brown, B. G. Evans and S. Stavrou, “Wideband power 
modelling and time dispersion analysis for UWB indoor oft-body communications”. Accepted
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Propagation Cotiference (LAPC), pp. 213-216, Loughborough, March 2008.
• A. A. Goulianos, T. W. C. Brown and S. Stavrou, “A novel patli-loss model for UWB off- 
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2 UWB Signals and Systems
The world of radio has changed dramatically during the last twenty years. Although narrowband 
systems have been the dominant form of wireless communications, new technologies such as 
wideband and Ultra Wideband (UWB) solutions have already been developed or are about to 
emerge, in order to compensate for die multiple limitations caused by narrowband systems.
2.1 Introduction
This chapter presents a description o f die major properties and steps that need to be considered for 
the design and implementation of UWB wireless technology, wliich is anticipated to play a 
significant role in the structure of futme wireless body-centric communication systems.
2.1.1 Historical Development
Sinusoidal electromagnetic waves have become so universal diat many people ignore the fact 
diat wireless radio at its inception started out as “ultra wideband”. The origins of radio were 
intimately bound up by the use of sparks for generating electromagnetic waves. A t die beginning 
of die era it was not known whether such waves existed, how to generate them or how to detect 
diem. Therefore, the advances achieved were very much the product o f complementary 
developments along all three lines [7],
The early radio transmitters receivers were produced by Marconi and Hertz, back to 1900. The 
transmitted signal was produced by a spark discharge from an induction coil. As a result the 
transmitted signal occupied a very wide bandwiddi and it was impossible for the receiver to 
separate one spark transmission from the other [8]. In order to resolve this problem. Lodge 
introduced the principle o f tuning. The Lodge patent was particularly interesting as it offers 
advantages in transmitting and receiving “tuning circuits” so diat multiple stations can operate 
side by side widiout significant mutual interference [9]. This invention moved the radio 
community away from wideband transmissions because at diat time, there was not an effective 
technique to recover the wideband signal emitted from a spark-gap transmitter. In addition, there 
was also no way to discriminate among many such wideband signals in a receiver. The wideband
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signals simply caused too much interference with one another to be useful. Therefore, wireless 
communications needed to become narrowband in order to survive.
A major problem with narrowband communications is that as the number o f users sharing tlie 
spectrum increases, tlie number of available channels becomes limited. Furthennore, in 1948, 
Claude Shannon redefined tlie relationship between tlie information capacity and the signal 
bandwidth occupancy [10] , He concluded tliat for a particulai" scalar value of the signal to noise 
ratio, tlie information capacity becomes larger as tlie signal bandwidth increases.
This observation became the basis o f spread spectrum modulation that led to Code Division 
Multiple Access (CDMA) systems. Furthermore, together with the development o f sample 
oscilloscope in tlie early 1960s [11] and the corresponding techniques for generating sub- 
nanosecond baseband pulses, this evident sped up the development o f UWB. In particular UWB 
radar [12], [13] was given a lot o f attention due to accurate ranging capabilities it could offer 
especially for military operations. The cormiiercializatiou of UWB teclmology has been officially 
established in 2002, where the Federal Communications Committee (FCC) o f tlie United States, 
made available a staggering 7.5 GHz of unlicensed spectrum and paved the way for UWB 
commercial communication developments. Some exemplary UWB devices have already been 
produced by companies such as Time Domain Corporation [14] and XtremeSpectrum [15] , and 
were formed around tlie idea o f consumer cormiiunication using UWB teclmology.
2.1.2 Basic properties
UWB signals are identical to the following terms: “non-sinusoidal”, “short-pulse”, “carrier-less 
pulse” and “impulse radio” [16]. It is obvious from the terms above, that UWB technology utilizes 
very short transmitted pulses in tlie time domain. According to the Fourier analysis such signal 
types occupy a very wide bandwidth in tlie frequency domain and it is this property tliat makes 
Impulse Radio (IR) diverges from any otlier conventional wireless system.
Another frmdamental property tliat differentiates UWB from die usual communication systems 
is that IR signals have a potential for carrier-less transmissions. A carrier-less transmission takes 
place when a baseband pulse is directly transmitted tiirougli the channel without the use of a local 
oscillator (carrier) diat up-convei1s die information data in the frequency of interest. The absence 
of a carrier frequency also indicates die difference between UWB and Direct Sequence Spread 
Specfriun (DSSS) tr ansmissions, wliicli can also be characterized as a wideband technique.
Last but not least, die low Power Spectral Density' (PSD) of UWB systems compared to the 
respective narrowband systems PSD should be mentioned. As a result o f the FCC regulations, the 
IR signals have a PSD in die order o f -41.3 dBm/MHz in the 3.1-10.6 GHz band, as will be seen
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later on. A schematic comparison in terms of PSD between the two teclinologies is shown in 
Figure 2-1.
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Figure 2-1. Power spectral density for both narrowband and lAVB systems
One benefit of low-power spectral density is tlie low probability of detection, which is of 
particular interest for military applications. This is also a matter o f great concern for wireless 
consumer applications, where the security of data for corporations and individuals using current 
wireless systems is considered to be insufficient [17].
2.1.3 Key benefits and challenges
The novel and unconventional approach underlying the use of UWB technology is based on 
optimally sharing the existing frequency spectrum resources rather than looking for still available 
but possibly unsuitable new bands [18]. The massive exploitation of the frequency spectrum with 
carrier-less impulse radio transmissions provides inherent advantages for any kind of system 
operating with the presented technology.
UWB systems have high multipath resolution. They can resolve a large number of multipath 
components since the huge bandwidth occupied by the UWB signals, offers liigh precision in the 
time domain [19]. Consequently, a composite propagation path can be resolved into 
distinguishable paths with distinct propagation delays. As a result of the increased time resolution, 
irWB radios can be used for high-demanding ranging applications and enjoy a fading range as 
low as 5 dB [20]. Furthermore, the extremely narrow pulse-shape allows the use of extremely low 
duty cycles, which translates into low average prime power requirements, ideal for battery- 
operated equipment [21].
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In addition, a carrier-less transmission scheme takes advantage of tire fact tirat the need for a 
radio-frequency (RF) mixing stage for up conversion of the information signals is not a key point 
anymore. This is essential since tire same happens at tire receiver side where the reverse process of 
down conversion is also not required. Except from reducing complexity, tire baseband nature of 
ER signals means the omission of the associated local oscillators in the receiver and tire removal of 
the respective phase tracking loops which results in cost-effective systems implementation.
Another potential advantage of UWB tecluiology is tire one revealed in Shaimoir’s capacity 
equatioir which is expressed as
C = Blog,|l + | r ' (2.1)
where C is the channel capacity in [bits/sec], B  is the channel bandwidth iir [Hz], S  is the signal 
power in watts [W] aird N  is the iroise power in [W]. From tire above expression it is obvious that 
the larger tire bandwidtlr the larger the amount o f information data the chairirel supports per unit 
time.
Finally, because o f the restrictions on the transmit power, UWB communications are best suited 
to apply in Wireless Body Area Networks (WBAN) systems [22]. Tlris is the main reason for 
analyzing and studyhrg UWB technology as a prerequisite for accurate designiirg and modelirrg of 
tire propagation environment around the hirrnan body.
Despite the benefits that UWB is expected to offer, several open questions also exist witlr 
respect to the liuritations of systems o f this sort. At first, allowirrg UWB might cause interference 
to existing wireless teclmologies, such as the current Wireless 802.l lx  Local Area Networks and 
the fix radio astronomy links [23]. A furtlrer aspect not yet fiilly investigated is related to the 
compound effects o f multipath propagation and cross-device interference phenomena, as well as 
how to iiritiate and rrraintain synclrrouization at tire receiver side [18]. In fact, one of the major 
challenges o f UWB radio is tire accuracy of this synclrronization step [24]. Due to the ultra-short 
time domain pulses, timing requirements are strirrgeut because even a iirinor misaligmnent might 
results in sub-optinrurn energy capture which renders symbol detectiorr impossible. An exemplary 
study presented in [25], shows by means of systerrr simulations that tire system throughput 
degrades severely for relative modest increase in timirrg jitter aird diirriirishes when the pulse-level 
tracking eiTor is oirly a tenth o f tire pulse duration.
Arrotlrer potential challerrge of UWB is the desigir of tire antenna tenrrinals. Due to the large 
bandwidtlr of tire coirrmunicatiorr signals, arrteima elerrrents should be designed in such a way in 
order to mairrtain an acceptable value of the reflection coefficient ( iSi] parairreter), to keep a fixed
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pattern tliroughout tire used spectrum, as well as to be sirrall enough in size so that they can be 
integrated into miniature devices. Furtlrennore, UWB should be capable of operating effectively 
under varying wireless channel conditions (e. g near objects or carried on the human body).
Arrotlrer technical challerrge results from the fact that the frequency selective nature of the UWB 
propagation chaimel might impose severe distortion to tire trarrsmitted signal. Therefore, for 
optimum perfonnarrce o f multiple corzelation receiver structures (Rake receiver) this distortion 
should be known at the receiver side. Furthermore, the use of Rake receivers requires a large 
number of fingers, adding tlrus further complexity to tire receiver design. In practice the number 
of Rake fingers used is often choseir to trade off performance and complexity leading to modified 
receiver structures, which will be examined in Section 2.7.
2.2 UWB Spectrum Regulations
In general, spectrum regulations provide the mediation tlrat frames how many users o f the 
electromagnetic spectrum can simultaneously coexist. It is appareirt tlrat tire traditional allocation 
of spectrum had not anticipated the need for commercialization of UWB technology. However, 
tire arrival o f IR communications has reshaped the coircepts o f spectrum management to allow tire 
implementation of modern UWB technology. Before mentioning the basic regulatory issues it is 
useful to give a definition of UWB signals. According to the FCC rulings the signal is recognized 
as UWB if it has a bandwidth of 500 MHz or more, where the UWB bandwidth is defined as the 
frequency band bounded by tire points tlrat are 10 dB below the highest radiated emission. 
Anotlrer equivalent definition states that UWB signals are signals having a fractional bandwidth 
greater than 0.2 .The fractional bandwidth Bj- is defined [13] as
'’j: (2.2)
where and are tire higher aird lower -10 dB barrdwidths respectively.
2.2,1 Adoption of UWB in the USA
FCC is tire main band regulatory organization in tire USA, responsible for commercially 
allocating tire available electromagnetic spectrum. In February 2002, tire FCC issued rulings that 
provided the first radiation limitations for UWB radio [26]. An updated final report was presented 
in April 2002, [27]. In general tire limitations concern tlrree different types of devices: ground 
penetrating radais, vehicular radar systems, indoor or handheld communication and measrrrements 
systems. Table 1.1 depicts the emission limits for both handheld and indoor emissions. The limits
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depicted in this table refer to tire emitted Effective Isotropic Radiated Power (EIRP) when using a 
resolution bandwidth of IMHz.
Table 2-1. FCC radiation limits for indoor and outdoor tTWB applications
Frequency (MHz)
Indoor 
EIRP (dBm)
Outdoor 
EIRP (dBm)
960-1610 -75.3 -75.3
1610-1990 -53.3 -63.3
1990-3100 -51.3 -61.3
3100-10600 -41.3 -41.3
Above 10600 -51.3 -61.3
Handheld UWB devices are portable devices such as laptops or Personal Digital Assistants 
(PDA) and they can operate either indoors or outdoors. The radiation limits for outdoor 
environments are more restrictive in order to ensure elimination o f interference with the current 
cellular wireless technologies. It is also suggested to confine tire handlield device transmissions 
within the 3.1-10.6 GHz range so that such an interaction does not take place. Furtliermore, 
antennas may not be mounted on outdoor structures such as the outside of the building or a 
telephone pole, but only on handheld devices.
2.2.2 Adoption of UWB in Asia and Europe
Researchers in Asia have shown an extreme interest in the market potential of UWB technology, 
by participating in IEEE standards activities relevant to UWB tecluiology However, currently in 
Asia, only the Infocomm Development Autliority (EDA) permits UWB and then only with a 
special experimental license [9]. More specifically, it has been formed an UWB friendly zone 
where UWB tecluiology providers can establish different kind of experiments and closely 
cooperate with local research centers. The emission limits within this zone is given in Table 2.1.
It is apparent tliat the restrictions are less stringent compared to FCC regulations by 
approximately 6 dB. Furtliermore, the IDA rulings provide an expanded main emission spectrum 
in the lower frequency band of FCC emission standards.
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Table 2-2. IDA radiation limits for UWB friendly zone in Singapore
Frequency (MHz) EIRP (dBm)
Below 960 Not intentional
960-1610 -75.3
1610-1990 -63.3
1990-2200 -61.3
2200-10600 -35.3
Above 10.600 -41.3
Witliiu the European Union, the European Technical Standard Institute (ETSI) deals with 
technical standards and electromagnetic compatibility issues. The European attitude is very 
conservative and tlie initial proposed UWB emission standards are significantly more restrictive 
than the U.S FCC regulations. A similar attitude has been adopted in the United Kingdom by the 
Office of communications (Ofcom).
-40
FCC m ask-45
-65
-70
ETSI m ask-75
Ofcom m ask
-60
-85
-90
Frequency [GHz]
Figure 2-2. ETSI and FCC spectral masks for indoor UWB applications.
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Figure 2-2 presents the graphical representation of ETSI and FCC UWB spectral masks for 
indoor enviromnents. It is apparent that within the main emission area (3.1-10.6), ETSI 
regulations are 20-30 dB more restrictive compared to FCC spectral mask. More information on 
the ETSI UWB rulings is provided in [28].
It should be mentioned at tins point that UWB technology is in its infancy and is still in 
experimental stage. Therefore, it is expected that as tire commercialization o f UWB starts taking 
place, some of the current regulations might gradually change. Such an effort is in progress today 
by some companies that struggle to modify some of the existing limitations, in order to broaden 
tire use of this new promising technology.
2.3 Pulse Design Techniques
UWB is a new technology and it has been shown that due to tliis fact, severe restrictions have 
been imposed upon tire permissible emission radiation levels, in order to prevent interference 
between UWB devices and current wireless teclmologies. Furthermore, another advance towards 
tlris end is the accurate design o f impulse radio pulses. Specifically accordirrg to FCC regulations, 
any irrtentional IR radiators must be designed to ensure that the 20 dB bandwidth of the emission 
is contained within the frequency band designated in tire rule section lurder which the equipment 
is operated [27]. In other words, this means that the main sidelobes of any UWffi pulse should not 
exceed 20 dB and according to this statement, and tirerefore IR signal energy should be contained 
within the desired frequency band.
2.3.1 Gaussian pulses
One o f the most interesting properties o f signals is that tire energy content o f the sidelobes in tire 
frequency domain depends on how smooth the rise and fall o f the signal is in the time domain. 
Specifically, tire smootlrer tire shape in the time domain, tire less energy is included within the 
spectral sidelobes. This effect is often described as tire Gibbs phenomenon which states tlrat in 
points of discontirruity, the Fourier series o f sharp sigrrals do not converge accurately [29]. In fact, 
tlrere were significant ‘ringing’ boûrersome oscillations that appear even if  the number of terms in 
tire Fourier series expairsion increases.
Gibbs phenomenon plays a significant role and imposes strict limitations in tire pulse design of 
UWB systems. To clarify this, consider a normalized rectangular pulse denoted by having 
width r . The Fourier transfonrr of tlris signal is given by the sine function
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This well kiiovra equation implies tire appearance of sidelobes in the frequency content of the 
signal. It is shown in [9] that for an UWB pulse o f 2 GHz bandwidth, the highest sidelobe is only 
13 dB below the maximum and this violates tire UWB limitations set by tire stairdardization 
coirurrittees. Therefore, to overcome tlris problem, alternative baseband pulses should be used in 
UWB communication systems.
A class o f waveforms tlrat have small spectral sidelobes are the Gaussian pulses. This kind of 
baseband signals have been proposed for use in UWB commuirication systems [30], since tlrey 
fulfill the proposed UWB spectral masks. Contrary to the rectairgular pulses, dre highest sidelobe 
a Gaussian waveform is more than 30 dB below the maximuirr magnitude point o f its frequency 
domain representation. The basis of the Gaussiair waveforms is the zero order Gaussian pulse 
which is mathematically expressed as
-f-ïY„(t) = K,e^"> (2.4)
where is the scale parameter and detennines tire energy of the pulse whereas a  is a shape 
factor related to the pulse width. In general, reduciirg tire value of a  shortens tire pulse width and 
thus broadens the bandwidth of dre transmitted signal [31].
The rest of the Gaussiair waveforms can be generated using a high-pass filter that acts in a 
manner similar to taking the derivative of Equation (2.4). Figure 2-3 illustrates die time domain 
representation o f dre Gaussian pulse, its first derivative which is usually referred in literature as 
Gaussian monocycle [11] and its second derivative which is known as the Gaussian doublet.
Assuming the value of a  is fixed, the energy of die signal is moved towards higher frequencies 
and this helps in fitting tire pulse bandwidth within the desired frequency band without the use of 
a carrier. This characteristic is depicted in Figure 2-4 where the frequency responses of the 
Gaussian waveforms mentioned before, are illustiated. Both figures are plotted assuming that tire 
presented Gaussian waveforms have unit energy and a shape parameter, a  = 50 ps. For a given 
pulse energy, tire value of can be easily obtained by integrating Equation 2.4. The resulting 
formula is
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A similar procedure should be followed in order to estimate tlie respective parameters o f the 
derivatives of tlie Gaussian pulse.
Gaussian pulse 
Gaussian monocycle 
Gaussian doublet
0.5
E
Î
2 -0.5Iz
-1.5
-0.2 -0.15 -0.1 -0.05 0.05 0.1 0.15 0.2
Time (ns)
Figure 2-3. Time domain representation of Gaussian pulse, Gaussian monocycle and Gaussian 
doublet [11].
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Figure 2-4. Frequency domain representation of Gaussian pulse, Gaussian nionocycle and Gaussian 
doublet [11].
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2.3.2 Hermite polynomial-based pulses
Anotlrer approach for generating impulse radio baseband signals is the use o f orthogonal 
Hermite polynomials. Although, Hermite polynomials are not ortliogonal they can be modified to 
become orthogonal [11]. It can be shown that the general formulation of tlie Modified Hermite 
Pulses (MHP) is given by
where a  is an integer denoting the order o f the MHP, [« /  2] is tlie integer part of w / 2 ,  r  is the 
shape parameter and is a constant that determines tlie energy of the pulse. I f  the desired energy 
o f each pulse is tlien it can be shown that
Figure 2-5 and Figure 2-6, depict the time and frequency domain representation of MHP with 
orders 0 < « < 2 . It is apparent that likewise Gaussian waveforms, the MHP have smooth edges 
and consequently are suitable for utilization in UWB systems. Furtliermore, it can be proved tliat 
Hennite spaces are maximally concentrated in time and frequency [32]. As a consequence, the 
baseband bandwidth is almost similar for different pulse orders and as shown in [33] tliis 
phenomenon is even more evident for higher orders o f MHP, This is especially useful in a 
multiuser environment where each user can be assigned a different MHP occupying the deshed 
frequency spectrum. Taking advantage of the orthogonality property baseband signals 
corresponding to different users can be sent simultaneously through tlie chamiel without 
interfering with each otlier. This concept can also be used for a new data mapping scheme which 
will be examined in the next section.
Furthermore, it is apparent from Figure 2-6 that the MHP present nulls in the frequency domain. 
It can also be shown tliat the number o f nulls increases as the order o f MHP increases. Taking 
advantage of tliis property might lead to the design of pulses with spectral nulls located in 
common used operating frequencies of current wireless systems, which in turn could reduce the 
potential for interference between UWB and conventional wireless technologies.
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Figure 2-5. Time domniii representation of MHP w tli orders n=0,l,2 [11].
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Figure 2-6. Frequency domain representation of MHP with orders n=0,l,2 [11].
Auotlier pulse design tliat can be used in placing nulls in the frequency spectrum of narrowband 
systems is the utilization of a pair o f separated narrow Gaussian shape pulses [34]. Tlie signal 
consists o f a positive pulse followed by a negative pulse or vice versa and the frequency spectrum 
can be manipulated by changing the time separation between tliose pulses. An advantage of this 
pulse shape is that its autocorrelation has two central pealcs, a pattern which is easier to recognize 
than a single peak, especially when the signal to low ratio at tlie receiver is relatively small.
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2.4 Data Modulation Schemes
It has been mentioned before that camer-less impulse radio transmissions, take place when a 
baseband pulse is directly transmitted tlirough the channel witliout tlie use of a local oscillator 
(canier) that up-converts the information data in the frequency of interest. Therefore, tlie data 
mapping process in impulse radio or equivalently in UWB systems takes place in baseband by 
altering the characteristics of the transmitted impulses (baseband modulation). However, in the 
case of the conventional up-converted narrowband signals, the data mapping is performed by 
altering tlie characteristics o f the carrier waveform (carrier modulation). For instance, when Phase 
Sliifl Keying is used, the continuous carrier waveform changes it phase whenever tliere is a 
transition between bits “0” and “ 1”.
In this section, several baseband modulations techniques that have been proposed for UWB 
communications systems are presented.
2.4.1 Pulse amplitude modulation
In tlie classic Pulse Amplitude modulation (PAM) scheme the transmitted signal that represents 
bit “ 1” can be easily distinguished from bit “0” by die use of antipodal signals. The formulation of 
the amplitude modulated information pulse A'( ( )  is expressed as
x { t ) - - d j s { t )  (2.8)
where 5 represents tlie pulse waveform and
with J  denoting the bit binary digit. Figure 2-7, illustrates an example of this modulation 
technique with the baseband pulse waveform being the first derivative of tlie Gaussian pulse.
An alternative fonn of PAM modulation is the use of different positive amplitudes a, and ûf, 
to represent each information bit. That is,
j  f ^ 1 7 = 0
= U
Finally, anotlier PAM approach is to keep the transmitter “silent” when bit “0” is transmitted 
whereas bit “ 1” is represented by tlie transmitted pulse shape. This approach is known as the On- 
Off Keying (OOK) technique, and in this case dj  is expressed as
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0 ./  =  0 
1 , / = l
(2 .11)
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Figure 2-7. Binaiy-PAM (BPAM) shapes for bits “0” and “1”, using baseband Gaussian monocycies.
2.4.2 Pulse position modulation
In Pulse Position Modulation (PPM), the pulse representing bit “0” is shifted in time with respect 
to bit “ 1” b y # ,  whereas the pulse amplitude remains the same. The modulated signal is tlien 
expressed as
with
1 y = o
0 y = I
(2 .12)
(2.13)
Usually, the value o f ô  is chosen so tliat the autocoiTelation of the hansmitted pulses be 
minimized. Figure 2-8, illustrates a classic PPM shaping by using again tlie Gaussian monocycle 
as tlie transmitted signal.
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Figure 2-8. PPM pulse shapes for bits ”0” and “1” using baseband Gaussian monocycies.
2.4.3 Pulse shape modulation
In Pulse Shape Modulation (PSM) each bit is represented by different wavefonns which are 
mutually orthogonal. Analytically PSM modulation can be expressed as
(2.14)
with d j  given by Equation(2.11) or (2.13) depending on which pulse represents bit “ 1” and which 
represents bit “0” and and are tire ortliogonal waveforms. It has been shown in
Section 1.3.2 that the modified Hennite pulses fulfil die orthogonality requirements o f PSM and 
therefore they can be implemented in systems of this sort.
For instance, bit “0” could be represented by a first-order MHP whereas bit “I” could be mapped 
using the respective MHP of order 2.
2.4.4 Pulse interval modulation
The last type o f die modulation techniques that have been proposed for UWB communication 
systems is the Pulse Interval Modulation (PIM). In PIM, information is embedded within the 
pulse to pulse intervals [35]. Therefore, the modulated waveform can be expressed as
(2.15)
widi
21
Chapter 2. UWB Signals and Systems
(Y, = Z), j  = 0
A  7 =  1
( 2 .1 6 )
In the equation above, D, and D^are the time difference of pulses, when bit “0” or bit “ 1” is 
transmitted respectively. A complete study on this type of IR modulation is presented in [36].
2.5 Multipath Propagation Channels
In this section, a mathematical representation of wireless channel impulse response is presented. 
Furthermore, in order to compare different multipath channels and to develop some general 
design guidelines for the UWB-BAN channel, parameters which grossly quantify the wireless 
channels and their effect on system design are presented.
2.5.1 Mathematical representation
Multipath is the name given to characterize the phenomenon at the receiver, whereby after 
transmission, an electromagnetic signal travels by various paths at the receiver. This is illustrated 
in the figure below that corresponds to a general multipath propagation scenario.
Renecied path
Figure 2-9. .4n exemplar) multipath propagation scenario.
If %(/) represents the transmitted waveform and v ( /)  the received waveform, then it is
technically proper to represent the propagation medium as a linear filter characterized by its
impulse response/?(/). This concept was first introduced by Turin [37] and it has been used as a
general approach when characterizing multipath channels; [38], [39], [40] and [41].
22
Chapter 2. UWB Signals and Systems
Mathematically, at each point in the tliree dimensional (3-D) environment the time-varying 
channel Impulse Response (IR) is expressed as;
A'(')'’( ' • * ■ ) = (OK '*** (217)
In equation (2.3), ^ (* )  is tire Dirac Delta function, t denotes tire observation time of the impulse, 
and T;;.is the delay o f the Multipath Component (MPC) witliin the recorded response. 
Furtliermore, represents the number of the observed MFCs, f  is die modulation frequency, 
( /)  is tlie random time-varying amplitude, ( /) is  the time o f arrival o f the k '’’ patli 
coiTesponding to the observation time t and tlie term in tlie exponent represents the phase shift 
due to free space propagation of tlie k'** component plus any additional phase sliifrs , which are 
encountered in the channel.
The time delay axis is discretized into equal time delay segments called delay bins and each bin 
has a widtli in time A r^ , identical to the resolution of the system which is in turn equivalent to the 
inverse of the applied bandwidth denotes by B W . Therefore,
=  (2 .18)
Note tliat Tq =  0 is the time delay o f tlie first arriving component and neglects the propagation
delay between tlie receiver and the transmitter. The relative delay of tlie k^ MFC as compared to 
the first arriving component is usually defined as excess delay [42]. It is therefore apparent tliat 
tlie maximum excess delay of a channel at instant fis given by(7Z —l) A r . Figure 2-10 illustrates
a graphical representation o f different snapshots occurring in different time instances, in order to 
facilitate the above analysis.
It is important to mention that depending on tlie transmitted signal bandwidth and tlie physical 
channel properties there may be two or more multipath signals that arrive within tlie same delay 
bin. Namely, if  the signal's inverse bandwidth is larger than tlie time corresponding to the 
distance between two scattering objects, tlien signals reflected off two scattering objects will be 
imresolvable and will be vectorially combined to yield tlie instantaneous amplitude and phase of a 
single multipath component. Such situation cause severe attenuation on tlie received signal and 
tliis constructive and destructive interference is attributed to amplitude fading. It is apparent that 
in narrowband channels where each delay bin is the superposition of a large number of MFCs, 
fading will be by far more severe wdien compared to wideband or UWB channels where each
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delay bin is occupied by a small number of superimposed paths. Therefore, it is expected tliat 
UWB signals are resilient to multipath fading and this verifies the potential o f this new 
tecluiology, as described in Section 2.1.
Delay
Figure 2-30. Discrete time varying impulse response of a muitipath radio channel.
The model presented above has time-varying parameters T/., because of the motion of people
and equipment around tlie enviromiieiit where multipath propagation takes place. However, for 
simplification purposes that correspond to “quiet hours” tlie system can be assumed to be static 
and Equation (2.17) reduces to
N
(2.19)
For UWB channels the same model has been proposed for modelling the chamiel IR when the 
baseband signal is up-converted to meet the required system design specifications. By taking into 
consideration tliat UWB has tlie potential o f a carrierless transmission then tlie above equation can 
be also written as [43], [44]
(2 .20)
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where ( / — denotes a hypothetical distortion of tlie k”* echo due to the frequency selectivity
of the interactions witlr tlie environment, which is usually omitted in order to simplify the 
modelling proceduies. Evidence on tliis simplification and its validity will be examined within the 
next chapters. Therefore tlie IR for carrierless UWB systems can be approximated as
=  (2 -2 1 )k
The generalized chamiel model described in Equalion(2.17), offers a significant advantage when 
predicting the received signal o f a niultipatli radio channel due to tlie fact tliat it can be used to 
obtain the received signal y ^^ )o f any transmitted s ig n a lx (ï) , by convolving ,x(/)w ith tlie
channel impulse response and adding noise. Mathematically, tlie transmitted signal can be 
represented as:
i- ( f )=  p ( f ) / ' » ' "  (2.22)
with co = 2 n f .  By setting Oj. — 2 n f  Tj. + in equation (2.5), the result o f the convolution will 
be given by
y (0 =  2  ^  (2.23)
where /? (/)  is the baseband pulse and is the received noise.
Assuming tliat subsequent pulses do not overlap witli each other and that the receiver has 
knowledge o f tlie time o f arrival and the phase of the incoming signal, the multipath power IR 
will be given by
N
= (2.24)/t=t
Tliis relation holds even if  tliere is a pulse overlap and it is assumed tliat tliere are unresolvable 
sub-paths that combine to form one resolvable patli.
2.5.2 Parameters of the mobile multipath channel
In order to compare different channel types and to develop some general guidelines for system 
design, parameters tliat identify and quantify the wireless channels must be studied. So far, it has 
been shown tliat the UWB channels have high resolution in time and this means that the duration 
of the transmitted pulse is much less than the delay imposed by tlie physical channel where the 
signal propagates.
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2.5.2.1 Time dispersion parameters
The channel time dispersion parameters depend on tlie chamiel type and determine the time 
interval within which multipath propagation takes place, after a symbol has been transmitted. It is 
apparent from tlie analysis presented in tlie previous section tliat tlie channel Power delay Profile 
(PDP) is given by
A-A’'
^ ( 0  = (2.25)I
The first moment of the power delay profile is defined as the mean excess delay of the channel 
and is given as
L  =  ^ ^ 2  (2.26)
k
The rms delay spread is defined as the square root of tlie second central moment of the power 
delay profile [45] and is given by
r  = (2.27)
where
_
k
2- 2
(2.28)
The delay spread of the channel is actually the standard deviation o f tlie PDP. Note tliat all tlie 
amplitudes and delays in the expressions above are measured with respect to the first arriving 
component. The importance o f this metric lies on tlie fact that it provides a good measure o f time 
dispersion o f power and determines to what extend tlie system will be degraded by tliis 
phenomenon [46]. In general it is apparent from definition that tlie delay spread will be much 
bigger for outdoor communication chamiels as the scattering objects tliat are responsible for 
multipath propagation have larger separations when compared to the respective object separations 
of indoor commimicatioii channels. Values of tlie delay spread for wideband transmitted signals 
with different central frequencies of indoor commimicatioii chamiels can be found in [47], [48] 
and in general do not exceed 100 ns. According to [49], for the UWB indoor channel, the delay 
spread has been found to fluctuate between 2 and 25 ns. A more detailed description of tlie delay 
spread characteristics will be provided in Chapter 6, where a time dispersion analysis o f tlie UWB 
off-body propagation channel will be presented.
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2.5.2.2 Coherence bandwidth
The coherence bandwidtli is a statistical measure of tlie range of frequencies over wdiich the 
channel frequency response can be considered “flat”. In other words, coherence bandwidth is the 
range of fiequencies over which two frequency components have a potential for amplitude 
correlation. The channel complex frequency response/ / ( / ' )  is the equivalent channel
representation in the frequency domain and it fonns a Fourier pair with the channel IR. In general 
the coherence bandwidth is given by the frequency correlation function [50]
. 4 c ( V ) = { W ( / ) W '( / + V ) r f /  (2-29)
where A f  is the frequency sliifl, (*) denotes the complex conjugate and ^  (4/^) is a measure of
the magnitude o f correlation between tlie channel response at two spaced frequencies. 
Furthemiore, the frequency autocorrelation and tlie channel PDP has been proved to form Fourier 
transform pairs [51], [52] and Equatiou(2.29) can be equivalently expressed as
.4c ( A /)  =  J  /? ( / f (2.30)
Therefore knowledge of the channel PDP or the channel transfer function can be sufficient in 
estimating the delay spread and the coherence bandwidth of the channel. In general delay spread 
and coherence bandwidth is inversely proportional to one another, although their exact 
relationship is a fiiiiction of the exact multipath structure [42].
2.5.2.3 Mobility-based multipath parameters
The niultipatli channel parameters examined so far describe the time dispersive nature of the 
channel. However, channel characterization needs to be obtained when tlie mobile user is in 
motion in order to describe tlie time-varying nature of the channel.
Assuming that a user moves towards a particular direction then this motion introduces a spectral 
broadening of the commimicatioii signal due to tlie Doppler effect. The Doppler shift denoted by 
Pj  is expressed as
p ^ = —f c o s 9  (2.31)c
where v is tlie velocity o f the mobile terminal, c «  3 -10^m/sec is the speed of light and ^ is  the 
angle that is shaped between the direction of motion and tlie direction of arrival o f the scattered 
waves.
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In order to take into account the time varying nature of the channel, the frequency 
autocorrelation function should be generalized and incorporate the time separation term A t . 
Then, the Doppler effect at a single frequency can be characterized by taking the Fourier 
transfbnn o f A/) with respect to At  and set A f  equal to zero. This process results in
obtaining tlie PSD of tlie received signal as a function of the Doppler shift as follows
(2-32)
The quantity A^(^AtJ demonstrates how the channel frequency response or equivalently tlie 
channel IR decoirelates over time. The range of A/values over which Àf^(^Atj is nonzero is 
defined as the coherence time o f tlie channel and is denoted by 7^. The maximum value of p^  for 
which the magnitude of the Doppler power spectmm given by (2.18) is nonzero, is called the 
Doppler spread of tlie channel and is denoted by 5 ^ .  It is apparent by tlie Fourier transform
relation between S c (p ^ )a n d  A f.(A tj that the channel coherence time and Doppler spread are 
inversely proportional. However, tlieir exact relationship depends on the exact channel structure.
2.S.2.4 Classification of multipath fading channels
It has been demonstrated that the multipath channel fading depends on the channel dispersive 
nature as well as on the user mobility. If  tlie baseband symbol duration 7^ is much bigger tliat tlie
delay spread of the channel, then tlie spectral characteristics o f tlie transmitted signal are 
maintained and the received signal will undergo flat fading. In frequency domain, flat fading 
occurs if  the signal bandwidtli is much smaller than the channel coherence bandwidth B^ >.
However, if  the symbol duration is much smaller than the channel delay spread then tlie spectial 
characteristics of the transmitted signal are not preserved at Hie receiver and the signal undergoes 
fiequency selective fading. In the frequency domain, frequency selective fading occurs when the 
signal bandwidth is much bigger tlian the channel coherence bandwidth.
Taking into account the user mobility, the received signal undergoes fast fading if  the baseband 
symbol is much bigger than the channel coherence time. In the fiequency domain, fast fading 
occurs when tlie signal bandwidth is smaller or comparable than the Doppler spread. Finally, if 
the baseband symbol is much smaller than 7^ then the transmitted signal will not be affected 
severely by the user mobility. Such a fading type is called slow fading. Equivalently, in the
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frequency domain slow fading is observed when the baseband signal bandwidth is much bigger 
than the channel Doppler spread.
Mobile channel
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Figure 2-11. Channel fading classification with respect to the baseband signal, the channel dispersion 
and the time-variant multipath parameters.
In this work we examine the nature of the UWB Body area Network channel. Therefore, 
assuming that the speed of the body when in motion is relative small and taking into consideration 
the large bandwidth occupied by the UWB pulses it can be stated that in general this is a 
frequency selective slow fading channel. A schematic representation that facilitates the above 
description is given in Figure 2-11.
2.5.2.5 Intersymbol Interference
It has been mentioned previously, that if  the baseband signal duration is less than the delay 
spread of the channel, then paths arriving within time separation equal or larger than the inverse 
of the signal bandwidth will be resolvable at the receiver. This phenomenon is extremely 
important when a train of pulses corresponding to information bits, propagate into tlie channel.
Wideband and especially UWB signals are defined as signals that have much shorter duration 
than the channel delay spread, which from definition gives a good measure of the time dispersion
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of the channel. Therefore, such signals can be resolved as shown in tire lower right of Figure 2-12. 
However, these MFCs will interfere witlr subsequent pulses and tlris can lead to severe 
performance degradation of the system [53]. In particular, the error rate on a band-limited chamiel 
will be strongly influenced by tire smearing o f tire received pulses [54]. The effect described 
above is called hrtersyinbol Interference (181) and as it will be discussed in Section 1.6, several 
signaling techniques have been proposed, in order to mitigate this effect in UWB communication 
chamiels.
T«
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Time
Figure 2-12. Multipath resolution for narrowband and wideband channels
On the other hand, narrowband signals are signals with larger duration than the channel delay 
spread and all MFCs will be received on top o f each other (upper right o f Figure 2-12). Although 
tlris process leads to severe narrowband fading, tliere is no overlapping between subsequent pulses 
and tire channel does not suffer ISI.
2.6 Signaling Architectures
UWHB radios operating in the huge dedicated band o f 7.5 GHz, must contend with a variety of 
interfering signals from otlrer users, and also must insure that they do not interfere with 
narrowband systems operating in dedicated commercial bauds. Tliese requirements entail tire use 
of spread-spectrum signaling techniques [55]. In tlris Section the multiple-aecess nretlrods that 
mostly correspond to single-band systems is described. Furthermore, an analysis on the use of 
multiband techniques is presented and a comparison between diverse signaling techniques is 
discussed.
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2.6.1 Time Hopping UWB
Time Hopping (TH) is a signaling technique where the infoiinatioii data are transmitted in 
specified time instances that are determined by a pseudo-random code, which is unique for each 
user. TH is tlie time domain equivalent of fi-equency hopping [56], TH-UWB is a randomization 
technique that facilitates the diminution of large spikes tliat appear in a pulse train spectrum, 
where the information bits are transmitted sequentially. An information symbol is usually spread 
over multiple transmitted pulses in order to minimize tlie probability o f enor. A typical TH format 
employed in UWB communications, is analytically expressed for the k'^ infoniiation symbol
%^'")(7)as [57]
A-'"' ( / )  =  (2 33)
J=0
where N  denotes die number o f pulses to be used per data bit, /represents the transmitter clock 
time, 5^"'^(/)is the normalized baseband waveform associated with the m*^* user and is the 
energy of the transmitted pulse.
It has been mentioned previously that each o f the information bits consists o f a large number of 
baseband pulses. There is only one such pulse allowed to be transmitted within a specified time 
intenml 7^ which is called the frame time or the pulse repetition time [58]. However, multiple
access signals having pulses that are uniformly spaced are vulnerable to catastrophic collisions 
when simultaneous data transmission takes place. In order avoid this unwanted interference, each
user is assigned a distinct pseudo-random TH code . This code shifts furtlrer the original
signal with the f ’ monocycle undergoing an additional time-shift , where 7^ ,, is the
nominal pulse widtli and is usually called the chip interval. To avoid ISI, system designers must 
ensure that the time different between two subsequent pulses that belong in tlie same pulse train, 
is larger tlian tire channel RMS delay spread. Note also that Equation (2.33) implies that a PPM 
data mapping technique and the symbols S,  d j  is similar to tlie one referred in Section 1.4.2. The
mathematical formulation for TH-PAM and TH-PSM modulation schemes are given in Equation 
(2.34) and (2.35) respectively.
N ~ \
( 0 = m  (2.34)y=o
x"">(0 = [ t - J T , - C ^ ' X )  (2.35)
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Currently, the most widespread modulation techniques for TH-UWB are the PAM and PPM. In
[59] it is shown that TH-BPAM outperforms the TH-PPM systems in terms o f bit error 
probability. Fmtliermore, PAM modulation performs better than the other modulation schemes in 
terms of coexistence witlr otlrer narrowband wireless teclmologies, since the spectral lines in the 
power spectr al density of the signal are more suppressed [35],
2.6.2 Direct Sequence UWB
In conventional DSSS systems, one information bit is spread into multiple chips with a 
pseudorandom (PN) code, which is unique for each user. In Direct Sequence (DS) UWB systems, 
the baseband pulse waveform takes the role of the chip, whereas the PN code defines the pulse 
polarity. Appropriate modulation schemes for this type of signaling are tire PAM and PSM, since 
the pulse transmission is continuous and there are no silent periods between consecutive pulses, hr 
DS-UWB, tire binary baseband pulse PAM iirformation bit for tire rn''‘ user can be expressed as
[60]
A:'”'  ( f)  =  (2-36)J=0
where Cj is the is the f ' '  chip of tire PR code which is bipolar and therefore take values {-I,+I}.
The rest o f tire parameters in Equation (2.36) follow the notation tlrat was presented previously for 
UWB-TH systems. The concept o f botlr TH-UWB and DS-UWB systems is illustrated in Figure 
2-13.
It has been shown in [57], that for asynclrronous multiple-access schemes, the DS-UWB 
technique outperfomrs the TH-UWB. However for synchronous transmission, TH-PPM offers a 
smaller probability o f error due to the fact that tire pulses received are offset even if the time 
hopping frames are aligned. Fmtlrermore, in the presence of jamming the TH-UWB performs 
slightly better than tire DS-UWB [61], assuming that the data modulation type remains the same 
for both signaling techniques.
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Figure 2-13. TH-UWB and DS-UWB sigiiniling schemes.
2.6.3 Muitibaad UWB
It is apparent from what has been presented in Section 1.1, tliat UWB -IR systems must contend 
witlr niurierous design challenges. Except from tlrose that have been already mentioned, tlrere are 
some otlrer important issues to discuss. At first, the MFCs span several nanoseconds in time and 
this result in ISI if  the baseband signals are closely spaced in time.
Furthermore, in order to locate the pulse frequency response in the desired band-pass mask, 
Irigher order Gaussian pulses should be applied. However, tire realization o f these pulses using 
current (Complementary Metal-Oxide-Semiconductor) CMOS teclmology, is ratlrer difficult and 
cost demanding [62]. Therefore, in order to implement a short band-pass UWB signal, tire pulse 
should be first appropriately designed at baseband and tlien should be up-converted to fit the 
desired spectral mask. Although this approach is relatively easy to implement, the frequency 
response o f tlrese pulses closely resemble tire damped sinusoid spectrum shape, which normally is 
not to be used in UWB communications [27]. However, using a combination of several pulses 
centralized on different frequencies flattens the fr equency response of the transmitted sigiral. The 
process described is the basis o f the Multi-Carrier (MC) signallmg arclritecture.
In particular, tire key concept behind MC-UWB is to divide the spectrum into narrower bairds
and to concatenate tlrese bands in a mainrer tliat provides sufficient multipatlr performance as well
as multiple access protection [63], [64]. To accomplish tlrese targets each o f tire sub-chamrels
must have symbol duration larger than tire delay spread of the channel. However, especially for
UWB, coirventional MC schemes require a huge number of up and down converting earners
which comes at tire price o f increased trairsceiver complexity and cost. Furtlrennore, the large
number o f sub-carriers should be placed in such a way into the frequency spectrum, so that
spectral efficiency is maximized. To fulfil these requirements the IEEE 802.15.3a task group [65],
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has proposed the design of a multiband Orthogonal Frequency Division Multiplexing (OFDM) 
architecture for UWB communications.
Although OFDM falls under the MC modulation, only one carrier is required for the physical 
implementation, eliminating the need for separate modulators and demodulators in each sub­
channel. This is due to the fact that the input symbol stream is converted to the time domain by 
implementing the Inverse Discrete Fourier Transfbnn (IDFT) and this time domain signal -the 
OFDM symbol- is up-converted to the desired frequency band and then is transmitted through the 
channel. In the receiver the opposite process is carried out -Discrete Fourier Transform (DFT)-, 
resulting thus in the baseband data stream.
The approach to designing an UWB system based on OFDM is to combine this transmission 
technique with a multi-band approach, which divides the available spectrum into several sub­
bands [66] whose bandwidth is 528 MHz [65]. Therefore, the spectrum is divided in 14 sub-bands 
and the bands are then grouped into five band groups as shown in Figure 2-14.
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Figure 2-14. Current band plan for the design of UWB multiband OFDM systems.
Each sub-band is divided in 128 narrower bands and the increased length of the OFDM symbol, 
which is 312.5 us, can successfully reduce the effects of 1ST Furthermore, the addition of a cyclic 
prefix ensiues that this effect will be reduced furtlier, since the part of the OFDM symbol aff ected 
by ISI can be discarded without any loss of the original data sequence. Furthennore, the 
multiband OFDM proposal uses a time-frequency code for the OFDM symbols transmitted in 
different sub-bands. The time-frequency code is unique for each user and hence, it provides a 
convenient multiple-access scheme. Furthermore, a guard interval (9.5 ns) is appended to each 
OFDM symbol, which ensures that there is sufficient time before the synthesizer turns into a 
different centre frequency. Tlie concept o f multiband OFDM for a tliree band UWB system -  
Channel 1- is shown in Figure 2-15.
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Figure 2-15. An exemplar} multiband OFDM system for ITWB communications.
Finally, it has to be mentioned that it has been reported in literature that another potential 
signalling scheme is one that combines the advantages of MC and DSSS architectures [67]. Using 
this technique the data rate could be significantly increased and the fiat fading effect on each of 
the OFDM symbols could be minimized. However, this hybrid architecture would add cost and 
significant complexity to the system design, as a large number of PN codes with proper 
autocorrelation and cross-correlation properties should be assigned to each user separately [67]. 
Furthermore, we will see in the next chapter that a Rake receiver which is usually captures the 
energy in a CDMA system, has a complex design and the implementation of parallel receivers of 
this kind for each of the UWB sub-bands, makes this hybrid architecture impractical at the present 
time.
2.7 Receiver Architectures
Due to the fine time resolution o f IFWB signals, tlie Rake receiver that effectively combines 
most of the energy of the arriving MFC is probably the optimum receiver structure for systems of 
this sort. The benefit of Rake reception is better demonstrated when is implemented in DSSS 
systems since the use of the spreading code allows ISI cancellation and narrowband interference 
reduction. When an interference signal is multiplied with the spreading signal the receiver 
dispreading has tlie effect o f distributing the unwanted power over the bandwidth of the spreading 
code [56], making interference appear as a noise-like signal, that has no significant effect in signal 
detection. A DSSS system model is illustrated in Figure 2-16.
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Figure 2-16. DSSS transceiver architecture.
In the presented system, it is assumed that tlie UWB signal is up-converted to tlie desired 
frequency band by using a carrier with frequency . Definitely, for carrierless UWB
communications, the carrier frequency should be omitted. In general, the transmitted symbol S, is 
baseband modulated witli the train of UWB baseband pulses given by
.v-i
y=o
(2.37)
The output o f tlie baseband modulator iS'(f) is tlieii multiplied by the PN code which
according to Equation (2.36) can be expressed as
j r ^ < i < ( j + i ) T , ,  (2.38)
Finally, the resulting signal Jf(/) is up-converted and transmitted through the channel. The exact
procedure in reverse order is performed at tlie receiver side in order to obtain tlie original 
transmitted symbol.
Making the assumption of a tvim ray multipatli model, the received signal will be tlie convolution 
of witli the channel IR. The channel IR can be modelled as
h ( ^ t ) = a S { t ) + b S [ t - I c A T ^ )  (2.39)
where ^ is  an integer larger tlian 0. Therefore, the received signal =  will be expressed
as
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r { i )  = a S { t ) s ^ [ t ) + b S [ t - k A T ^ . ) s ^ [ t - k A T ^ )  (2.40)
and after multiplying with the PN sequence the baseband-modulated signal estimation will be
S { t )  = a S { t ) s / ( t )  + b S { t - k A r ^ ) s ^ { t ) s ^ { t ~ k A r ^ )  (2.41 )
Assiuning perfect synchronization and taking into consideration that tlie PR code absolute value is 
1, the above equation becomes
S ( t )  = a S ( t ) - \ - b S [ t - k A T , . ) s ^ { t ) s ^ ( t -  kA  r,. ) (2.42)
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Figure 2-17. Rake receiver architecture.
Usually, the autocorrelation properties o f PN codes are small when / > 7^ ;, and this results in a 
significant reduction of the ISI effect, since the product o f two asynchronized copies of
almost removes tlie energy of the second MPC, after demodulation. Therefore, tlie second term in 
Equation (2.42) is negligible and for practical purposes can be omitted.
The procedure described above is implemented in a Rake receiver which is illustrated in Figure 
2-17. Specifically each branch of a Rake receiver is synchronized to a different path. In tliis 
manner, all o f tlie MPC energy can be accumulated. However, this would require a veiy complex 
receiver scheme with a large number of correlation branches which is practically not possible.
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Therefore, two alternative solutions have been proposed in order to capture the maximum possible 
energy resulting from multipath propagation. Tire Rake complexity can be reduced at tlie price of 
a performance penalty by deploying a selective Rake (S-Rake) receiver structure which combines 
the strongest MPC arriving at the receiver [68]. An additional Rake receiver architechire is the 
partial Rake (P-Rake) which combines a definite number of the first arriving paths. Finally, the 
ideal receiver structure that combines all the MPC is the all-Rake scheme. Although the P-Rake 
and S-Rake can also offer an acceptable solution, it is evident that an all-Rake structure performs 
better in comparison with tlie other two.
To avoid tlie complexity of Rake reception, some otlier sub-optimum receiver schemes have 
been proposed in literature. In [69] and [70], tlie authors propose a transmitted reference receiver 
scheme, in which a reference pulse is transmitted before each data-modulated pulse. Therefore, 
the channel estimation is performed by correlating the received data signal with the reference j
signal without the need for Rake reception and that requires a priori knowledge o f the received |1distorted pulse. Tliis metliod however requires perfect time synclironizatioii and it also reduces the I
data throughput, since only half o f the transmitted bits are essentially information symbols. As I
another alternative solution, channel estimation can be cairied with tlie use of dirty templates. The I
term dirty templates, implies that tlie received signal is cross-correlated witli a copy of itself
which is distorted by the unknown channel. Furtliermore, timing acquisition is perforaied at the
receiver side [71] and therefore no timing information is a prerequisite for receiver schemes of
this sort.
2.8 Summary
The adoption of UWB IR in Febniary 2002, paved tlie way for a new epoch in the field of 
wireless conuiiunications. The large bandwidth occupied by tlie UWB baseband pulses provides a 
potential for high data rates and multipath inununity. However, to avoid interference with current 
operating wireless systems, several international regulatory bodies have imposed severe 
restrictions on the transmitted power and spectrum of UWB signals. In order to comply with tliese 
rulings, carefully designed baseband shapes, and robust modulation and signalling techniques 
must be employed. Furthermore, despite tlie promising features of Üiis new tecluiology, designers 
must deal witli limitations resulting from its full exploitation. To this end, multicarrier schemes 
have been proposed as an alternative solution to single-carrier IR communications. Such schemes, 
intend to minimize the effect o f ISI and reduce possible time misalignment effects.
In general, the impending benefits that could result from the optimum exploitation of UWB radio 
facilitate its use for short range human interaction applications. Moving towards tliis direction, the
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I
work presented in tJiis thesis provides some novel channel modelling techniques and results tliat 1
could promote the design o f UWB body-centrie transceiver architectures.
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Chapter 3
3 Principles of Body-centric Propagation in 
UWB Freqnencies
The scope of tliis chapter is two-fold: At first, a description of wireless human interaction systems 
is presented which aims to facilitate the reader witli tlie concept o f personal WBAN. Furthermore, 
analytical propagation models are presented for a physically-based evaluation of the types of 
body- centric communications that will be statistically examined in tlie next few chapters of tliis 
diesis. This chapter is a part o f the literature review on die deterministic approaches that should be 
followed for die characterization and modelling of die UWB body-centric communication 
channels.
3.1 Introduction to body-centric communications
The main target o f the work presented in diis thesis, is die determination o f the propagation 
characteristics o f a static or mobile telemedicine care environment, as a necessary tool for a 
complete design o f a patient monitoring scheme. Telemedicine is a service with potential to have 
a favourable impact on the access, quality and cost o f healdicare [72]. The basic concept o f a 
patient monitoring network is that each of die users carries on-body miniature sensor nodes each 
of which has its own energy supply, consisting of storage and energy scavenging devices [73]. 
These actuators are capable o f exchanging information with a central Portable Base Station (PBS) 
which in return plays die significant role o f communicating widi the outside world via a wireless 
access point.
Figure 3-1 presents the concept o f a wireless telemedicine system. The sensors that communicate 
widi each other as well as die link eomiecting the PBS with die access point form a network 
infrastructure defined as the Wireless Body Area Network (WBAN). Although some narrowband 
communication protocols have been proposed in die past [74] for implementing a WBAN, the 
personal area community is gradually moving towards the standardization of UWB 
commiuiication protocols, in order to take advantage of the potential high capabilities of this new 
emerging technology. For die external link however, the most possible scenario is the utilization
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of frequently used fixed networks (e. g. WLAN) when the user is at a home location or the use of 
cmrently established cellular network when the user is out of home.
Out of HomeBAN
GPRS/UMTS
Medical
Service
Connection
At Home
Fixed Network
Figure 3-1, A generalized WBAN-based telemedicine system.
Although the implementation o f UWB wireless infrastructure is expected to provide significant 
benefits , such as tlie provision of medical monitoring in areas lacking complete medical coverage
[75], some other recently proposed metliods rise hopes for an even better exploitation of the UWB 
narrow pulses, when the user is in a controlled environment (i.e. hospital, or medical centre). In
[76], the concept of UWB radar in medicine is introduced. Such a type of radar is intended to 
non-invasively monitor the movements o f the heart wall and could be a wonderful supplement to 
tlie electrocardiogram. Although this method has not yet been evaluated and verified, it is 
expected that in the near future it is possible to replace some of tlie current invasive and painfi.il 
celerity measurements, which are performed as a diagnostic tool for arterial diseases.
3.2 System Classification
In the previous section, tlie general picture o f WBANs systems has been described. Such a 
system however, consists o f several sub-systems and each one has to be meticulously studied in 
order to provide accurate and exact input to system designers. As classified in [77], body-centric
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scenarios can be categorised into in-body, on-body, off-body, body to body and body proximity 
communication systems. Each o f these scenarios will be briefly described below.
In-body systems refer to communication of sensors inside tlie body with on-body devices, or 
with a wireless access point (Figure 3-3). On-body systems exchange information between two 
devices mounted on tlie same body. Off-body communications refer to systems where an on-body 
sensor (usually the PBS) transmits information to a nearby wireless access point. Furthermore, tlie 
body to body topology involves communication among sensors mounted in two or more different 
bodies. Finally, body proximity communications involves coimiiunicatiou of devices which are 
blocked or influenced by a single or several bodies. This thesis will present some modelling 
metliods that can be used in the evaluation of the UWB on-body and off-body communication 
channels, which are the main subsystems of a complete telemedicine WBAN system. Figure 3-2 
to Figure 3-6 illustrate all the scenarios described above.
Figure 3-2. An on-body communication .system.
M ctile Phone 
A;oe$s P«nt
Figure 3-3. An in-body communication system.
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Mobile Phone 
A o c s s  Point
Figure 3-4. An off-body comiuuuicafiou system.
Figure 3-5. A body to body communication system.
\ /
Mobile P hone 
A ccess Point
Figure 3-6. A body-proximity commuiiicatiou system.
3.3 Sensor Types and Integration
The integration of different sensor types depends on the particular scenario for which tliese
sensors are designed to operate. Sensors mounted on tlie body are usually intended to monitor
basic human activity parameters such as skin temperature, respiration rate mood variations and
brain activity. As it has been previously mentioned, the operation of such surface sensors can take
advantage of tlie numerous capabilities o f UWB technology. On the otlier side sensors tliat are
placed inside the user body should have in general a more complicated design, and their
functionality might include taking some corrective actions. For instance, when the user
experiences abnormal heart rhythms, an implant device could use electiical pulses to prompt the
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heart beating in a normal rate [78]. Furthermore, in-body sensors can be used in a data 
communication scheme which forms a closed-loop by connecting tlie sensor and the user 
functional parts (e.g. legs, hands) via the natural gateway of the body ionic fluid [79]. This 
configuration is extremely useful hi the case where the patient has a damaged spine and the brain 
cannot comimuiicate directly with the rest o f the body. Finally, a classic example of an implanted 
actuator is tlie cholera implant, a prosthetic device that is implanted in the inner ear and restores 
the partial hearing of profoundly deaf people [80]. In-body configurations might also be useful for 
easier tasks such as the measurement o f the body core temperature [81].
The integration of sensor nodes usually depends on the sensor probe point o f attachment as well 
as convenient places for the user. Normally, positions are chosen according to user comfortness or 
according to movements of the part o f the body that is used as tlie point o f attachment. These two 
criteria might be opposing each other. For instance, the upper arm is preferred to the lower arm 
due to less movement in die upper arm. However, this choice is mostly imposed from a channel 
characterization point of view since fewer movements indicate a potential for resilience to tlie 
rapid hiding that is caused by the lower arm, when the body is in motion. A user perception point 
of view though, would suggest tliat the sensor should be mounted on the lower ann (wrist) due to 
the fact tliat the user can easily monitor the measurements of hisdier on-body sensor.
Figure 3-7, illustrates some typical proposed on-body sensor placements and it also depicts an 
off-body device tJiat can be situated freely in a short distance away from tlie body. The head- 
mounted sensor is a node intended for entertaiimient purposes, with a prospect o f  integration in 
helmets or goggles. It can also include a camera to record images and motion that takes place in 
die surrounding environment. The upper-ann and the wrist/hand sensor nodes are intended to 
monitor the user physiological activity [82]. Finally, tlie shoe sensor node can be used in 
locomotion recognition analysis and in speed measurements [83].
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Figure 3-7. Diagram of topical on-body sensor node locations.
3.3.1 Example scenarios
In order to provide a better understanding o f how a physiological sensor can improve the quality 
o f life o f users, an exemplary hypothetical story follows. Tliis story is an example of a potential 
future application of WBAN, which in spite o f health monitoring can be used in numerous other 
important and user friendly applications, such as mood detection, entertainment and exchange of 
infonnation among different users. The story below is one of the numerous exemplary stories 
presented in [84] which emphasizes on the mood detection application.
In tliis scenario, alert messages are sent to the required service providers when the user feels that 
is in a dangerous and urgent situation -Figure 3-8-. Scenario story: After having worked late at the 
hospital, Anna returns home late at night. She takes her usual route by underground. She is alone 
in the train when at one of the underground stops a frightening person gets into her carriage and 
threatens her. He starts shouting and behaving erratically. She is so terrified and unable to use her 
phone to ring somebody. However, her body sensor network detects her fear and instructs her 
mobile phone to send a message to the security officers located at the next train stop, via the 
wireless access point which is mounted in the train carriage. The embedded location sensor infers 
Anna’s location as being on the specific underground train and carriage.
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Figure 3-8. Danger-warning illustration.
The scenario presented above requires information regarding physiological sensor information 
(breathing rate, skin temperature) and gateway communications (off-body). Therefore, it is 
obvious tliat a separate study of the WBAN categories is essential for the appropriate design of 
successful personal communication systems,
3.4 Antenna Design
It is well known that the communication link between two terminals is significantly affected by 
the antennas used for signal transmission and reception. Therefore, antennas should be designed 
in such a way that they satisfy the requiremeuts imposed by the targeted communication channel.
In the case of UWB WBAN charmels there are three main issues that should be carefully 
considered. The first is related to the wideband nature of the system which implies that a 
wideband signal is distorted by the antenna transfer function, and it is distorted in a different 
marmer, when the anterma is mounted on the body. The second is an investigation as far as 
concern the antenna Sn parameter and how this parameter is affected when the antenna is 
mounted on the body. Finally, careful consideration should be given on the effect that the body 
orientation have on the distortion caused by the body-mounted antenna.
To measure the distortion of a signal when it is transmitted through a wideband antenna, the 
signal fidelity is often evaluated. In order to define fidelity the distortion between two signals 
r ( / ) a n d  should first be considered. A useful measure of distortion d  which preserves 
amplitude weighting and time shifting of the signal is [85]
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where
r/ = J |r (/ + ) -  /  (/)|‘ d t
r ( 0 = - -,1/2 a n d / ( / )  =  -------
Expanding Equation(3.2), the distortion can be expressed as
d  = m i n [ 2 - 2 F ]
(3.1)
(3.2)
(3.3)
where
(3.4)
Equation(3.3) shows that should be such as to maximize tlie cross correlation between tlie 
normalized input / ( ^ a n d  output7 '( /) . Therefore, tlie fidelity parameter F i s  defined as the
peak of this cross-correlation function and it is apparent that in the case where no distortion is 
introduced to the input signal the fidelity factor reduces to one.
Tliis definition o f fidelity describes the signal shape distortion. Another measure o f the signal 
distortion that takes into consideration only tlie delay distortion caused by the wideband antenna, 
is the ratio between the time window lengtli which include the 99% of tlie radiated pulse energy, 
lF^^j99,and the respective time window length of the input pulse W.^^99. This metric was 
introduced by Kovacs et al in [86] and is expressed as
PPL, 99
W . 9 9 (3.5)
where is defined as tlie time spread ratio.
Numerous antemia types have been introduced by UWB body area propagation researchers, 
dming tlie last few years. In [87], a planar- disc monopole design tliat has an omnidirectional 
antenna pattern in the vertical plane and a sufficient -below -10 dB- return loss witliin tlie 
frequency band between 3 and 6 GHz, is presented. Another configuration that has been proposed 
is the omnidirectional slot antenna. Further-more, a directional slot antemia is presented and
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evaluated in [88]. Directional antenna types tliat minimize the influence of the body are desirable, 
especially when is intended to be used in low power applications.
Analysis has shown [88] that in general the Sn parameter is affected when the antenna is 
mounted on tlie body. This effect is more evident in tlie planar monopole whereas the return loss 
o f the directional slot antenna and tlie omnidirectional slot antenna remained almost unaffected. 
The fidelity factor was examined using tlie pulse radiated in tlie direction o f the theoretical 
maximum gain, (i.e. tlie azimuth angle was 0°) as tlie reference pulse. Results indicate [88] that 
tlie omnidirectional slot antenna has a better fidelity measure in comparison to the other two 
antemia types mentioned previously. However, tlie directional slot antenna seems to perform 
better in terms of the stability of the antemia transfer function, which depicts how the ffee-space 
antenna transfer function is changed when the antenna operates in close proximity to the body.
3.5 Analytical Propagation Models
The geometry of tlie human body allows approximations that can be applied when modelling the 
electric field close to tlie body surface. In tliis section, the propagation mechanisms tliat dominate 
the human body will be examined. Furthermore, tlie electromagnetic scattering field in the 
presence o f body will be evaluated. Finally, based on the scattering solution and its asymptotic 
approximation, tlie attenuation law for waves diffracted around the body, as well as some useful 
miifoim expressions will be presented. Although most of the presented models are most 
appropriate for narrowband field predictions, they are examined for microwave UWB frequencies 
and therefore usefiil insights for the UWB-WBAN channel are revealed.
3.5.1 On-body wave propagation mechanisms
This paragraph presents the basic wave propagation mechanisms between two antemias mounted 
on the human head. Altliough the analysis is restricted on the head of the body, tlie methodology 
tliat is followed can be applied in investigating wave propagation in otlier parts o f the body.
The investigation starts by first considering the direct transmission tlirough the head. To 
accomplish this task some measurements have been performed on a phantom head which holds an 
approximate identical response with this o f a real human head [3]. The measurements described in 
[3] took place in the frequency range between 1.5 and 8 GHz and the evaluation was performed 
for tlie intermediate frequency f  o f 5.8 GHz. Based on tlie permittivity and conductivity values
of the phantom head (g,. = 35.3 and a  = 5.27 S/m ) the expected time delay difference between
a direct patli tlirough the head and a equidistant fiee-space path is calculated as
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Therefore, the real and imaginary part o f k  are
^ ' = ^ V ^ R e { V Î - ^ } ,  r  =  (3.9)
with denoting tlie free space waveiengtli.
Tlie magnitude of tlie electric field of a plane wave propagating tlirough the head towards the z- 
direction, is given by
E [ z j )  = (3.10)
Therefore, tlie attenuation term can be easily estimated as follows
«  202 dB (3.11)
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A/ = — -----2.92 ns (3.6) j
« W  c I
where c »  3 -10® m/sec is the speed of light, and = 4.88-10’ ni/sec, is the wave velocity ;
tluough die head. However, measiuements have shown that the delay A( is only 600 ps, an |
evident which implies that direct propagation tlirough tlie head is negligible.
The above result can be verified by comparing the Uieoretical attenuation that a direct path 
through tlie head would undergo, to the measured average attenuation o f tlie received signal, i
which was found approximately 60 dB. For tliis purpose the body is can be considered as a lossy *
medium with its complex pennittivity given by '
+ J ^ c  -  (3 .7)
=  ^ r ( l - X )
where = --------- co — l n f  and »  8.8-10”*" F /m is the vacuum permittivity. Since theCOSgS^
wavenumber k  strongly depends on the permittivity of tlie medium, it becomes complex and can 
be expressed as
k  = k ' i - jk "
2 .
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In the above calculation, tlie value of z  that corresponds to tlie distance between the antennas on 
the head, was 0,17 in. It is apparent from the above analysis tliat tlie tlieoretically expected 
attenuation of a direct transmission through the head does not match the empirically observed 
value. It is tlierefore shown tliat in UWB frequencies, direct transmission tlirougli tlie head is not 
the main propagation mechanism.
To investigate if  there is any significant radiation reflected off tlie head, the antenna radiation 
patterns with and without the head should be compared. Measurement results indicate that the 
attenuation when the antenna is mounted on tlie head is smaller compared to the attenuation of the 
free space measurement. This implies the existence o f reflections generated caused by the human 
head. As expected these reflections are observed in Line of Sight (LoS) linlcs and more 
specifically between -60° and +60° from the line sector connecting the transmitting antenna and 
tlie centr e o f the head. It should be noted that tlie attenuation is measured across tlie bandwidth 
between 1.5 and 8 GHz. Since the presented measurements were carried out in the frequency 
domain, the measuied attenuation at different angles can be estimated by the use of the Parverval 
theorem which in general is expressed as
f = j (3.12)
where 7 / (  / )  and denote tlie measured frequency and impulse response of the channel
respectively, whereas 6^ represents tlie orientation angle of the body. O f course in the presented 
case tlie integration limits are in tlie frequency band between 1.5 and 8 GHz.
Despite the observed reflections off the head, the amount of the reduced attenuation when the 
antenna is mounted on the head is negligible compared to tlie measured attenuation in the free 
space.
The effect of the absorption can be observed from the difference o f the antenna Sn parameter 
between the on-body and the free space case. However, such an effect can be considered 
negligible in most o f tlie cases, and in most o f them tlie change of the pattern depends on the 
actual antemia type used in tlie exact measurement set-up. The above discussion shows that none 
of tlie presented mechanisms dominate signal propagation around tlie human head in the UWB 
frequency range. Therefore, a reasonable assumption is tliat creeping waves, wliich are diffracted 
waves traveling around a smootli curved surface, is the dominant propagation factor in the high 
frequency body area propagation channels. These diffracted waves and tlieir properties will be 
examined in the next sections.
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3,5.2 The human body as a conducting circular cylinder
It has been shown so far, that witliin the UWB frequency range, direct transmission through the 
head has a negligible effect on wave propagation around the human body. Therefore, the electric 
field can be approximately evaluated by considering tlie body as a perfect conducting cylinder. In 
general, a relatively simple solution can be derived, assuming that an electric infinite line source 
radiates in the presence of an infinite lengtli circular cylinder with radius a . The geometry of this 
configuration is illustrated in Figure 3-9.
Figure 3-9. Electric line source in the vicinit}' of a conducting cylinder.
In tliis case, tlie total electric field will be composed o f two parts: The incident and tlie scattered 
field. The incident field is tlie field generated by the z  -directed source in the absence of the 
cylinder, and it can be expressed at tlie observation point as [89]
(3.13)
where denotes the Hankel function of the second type and order « , 7  ^is the current
amplitude of the source, and s  is the pennittivity o f the cylinder.
The scattered field, which is produced by the currents induced on the siuface of the cylinder, has 
only a component and at tlie observation point P  can analytically be expressed as
(3.14)
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The coefficient can be found by applying tlie boundary conditions for the electric field on the 
surface of a conducting surface.
To obtain the total field at point P ,  die scattered and the incident fields should be equally 
considered. By applying tlie addition theorem of the Hankel ftuictions [89] in Equation(3.13), the 
final solution is written as
E [ = - k-TA cos
Mv-v')xg a < p<  p ' 
P ^ P ’
(3.15)
where denotes the Bessel function of the first kind and order I7. Physical interpretation of the
presented result in terms of Bessel and Hankel fiinctions, suggests tliat between the source and the 
cylinder tliere are botli travelling and standing waves, whereas for longer distances only the 
travelling waves are present.
The above analysis was the basis o f the approach followed in [2], in order to model the field 
observed in the vicinity of tlie human body, due to the phenomenon o f electromagnetic scattering. 
In this approach though, a more complicated method was followed in order to take into account 
tlie fact tlie body is not indeed a perfect conductor, even for high frequency wave propagation. 
Therefore, tlie boundary conditions have not applied in such a way so that the total electric field 
becomes zero. Furthermore, the homogeneous wave equation was solved so that different 
solutions apply into different regions. Namely, according to [2], tlie electric field can be expressed 
by Bessel functions when tlie wave propagates into the human body, by botli Bessel and Hankel 
functions for observations between the source and the body surface, and by Hankel functions for 
observations at larger distances. Finally, the electric field solution found as described above was 
Fomier-transformed witli respect to tlie wavenumber towards tlie z  -direction, in order to convert 
the wave solution for an infinite length electric source to a solution for a point source, and thus 
simulate with a better degree of accuracy tlie low-profile anteimas which are intended to be used 
in body centric applications.
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3.5.3 Creeping waves propagation
Analytical electromagnetic scattering theory can sufficiently predict the electric and magnetic 
fields at any point in space. This is in contrast to the classic Geometrical Optics (GO) theory, 
which fails to predict the diffracted field close and inside tlie shadow boundaries of a canonical |
object. However, ray description is a very important tool, especially when the geometry of the j
problem is complex enough so that a simple boundary value formulation cannot be easily applied. i
A metliod by which electromagnetic diffraction phenomena can be incoiporated into a I
geometrical strategy was presented by Keller who introduced the Geometrical Theory of |
diffraction (GTD) in [90]. !
3.5.3.1 GTD and surface diffracted rays
For geometric interpretation of scattering from a conducting circular cylinder, witli reference to 
Figure 3-10, an indirect asymptotic approach should be used in order to convert Equation(3.l5) to 
the following form [91]:
(D . y
It is important to note that Equation(3.16) is valid only when die observation point is well 
removed fi om tlie surface o f the cylinder, and when tliis observation point is in tlie shadow zone, 
well way from the Surface Shadow Boundary (SSB).
The expression of tlie total field in (3.16) is tlie sum of two separate terms, each of which can be 
interpreted as a surface diffracted wave or equivalent as a surface creeping wave. The term 
“creeping wave” is used to account for tlie fact that after the diffracted rays become attached to
the cylinder at points ^  and , they travel along the surface of the cylinder distances and
respectively. The rays are finally leaving the surface tangentially at the shedding points Q^  and
Q2 . Tliereafter, they propagate as cylindrical GO waveforms, which are recognized by tlie factor
—?= -. The shedding points can be determined from the generalized Fermat’s principle which canV /
be stated as follows [92]: In travelling from the source point to observation point, any surface ray 
path is such as to make the path connecting tlie source and the observation point an extremum. 
This principle is actually gives reasoning to the fact that the surface rays leave tangentially the 
shedding points.
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Figure 3-10. Ray interpretation of the scatteiliig field, in the shadow zone of a circular cylinder . 
Keller called the term £),, tlie diffraction coefficient o f tlie ?ï-Ül surface ray mode and tliis is 
formulated as
me
2>rk (3.17)
with
m - ka (3.18)
die so-called cim'ature parameter. The quantities {—<J„ ) are the zeros o f the Airy function -<4/( a*)
and thus the solutions of the e q u a tio n ^ /( -^ „ )  =  0 . More information and tabulated values for 
die zeros o f the Airy function can be found in [92].
The term is referred as the w-th surface ray mode attenuation constant and it clearly 
highlights die fact that creeping waves decay exponentially when they travel around the surface. 
The attenuation constant is expressed in terms o f m  and as
Q y—a„ = — m e  ® (3.19)
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Finally, tlie terms and correspond to tlie phase change that corresponds to the surface 
diffracted rays.
3.5.3.2 UTD and surface diffracted rays
The results given up to now are based on the assumption that the observation and source points 
are in the deep shadow zone well away from the surface shadow boundary, and well removed 
from the cylinder. A reasonable question is what happens when the observation or the source 
point is tlie vicinity of tlie SSB and close to the surface. In otlier words, assuming the body as a 
conducting circular cylinder, what is the fonnulatioii that should be used in order to obtain the 
received field for the on-body and the off-body scenarios described earlier? The GTD solution is 
not valid at these transition regions and this can be easily be checked by simple numerical 
evaluation [92]. Furtliermore, tlie GTD and the GO are discontinuous at tlie SSB and thus the 
obtained fields are discontinuous tliere.
An asymptotic solution that removes all the above restrictions is called a uniform solution and 
tlie geometrical ray theory that is based on solutions o f tliis sort, is called the Uniform Theory of 
Diffraction (UTD). The UTD solutions are derived through a purely mechanical application of 
genuine asymptotic techniques [92], analysis o f which is out o f the scope of this tliesis. However, 
it would be interesting to identify the attenuation law of the creeping waves in scenarios where 
UTD is applicable, like the ones mentioned previously. UTD classifies these problems as the 
radiation (off-body) and the coupling (on-body) problem. It has been shown that for both 
configurations, the resulting electric field into the deep shadow region, maintains the exponential 
electric field attenuation which have been described when the GTD creeping wave propagation 
solution was examined. More specifically, using UTD for a circular cylinder structure, tire electric 
field solution for arbitrary polar ization can generally be expressed as follows:
(3 20)
For each of tire above scenarios, (radiation and coupling) C, and Q ,, depend on numerous
complicated factors. A detailed description o f UTD problem types can be formd in [92]. The 
importance of this result will be revealed in the following chapters, where it will be used in order 
to physically verify some of the proposed empirical-statistical modeling tecluiiques.
3.5.4 The sub-band FDTD method
The Finite Difference Time Domain (FDTD) method is a powerful computational 
electromagiretics technique that allows wideband time domain electric and magnetic field
55
Chapter 3. Principles o f  Body-ceniric Propagation in UWB Frequencies
predictions. The algorithm was firstly introduced in [93] and it is based on discrediting the time 
domain Maxwell’s equations in space and time partial derivatives [77]. Furtliermore, at each time- 
step the electric and magnetic fields are confined within a cubic cell with constant constitutive 
parameters (i.e. constant permittivity and conductivity). Therefore, by specifying tire dielectric 
properties of tlie each cell, which in tlie particular case of body centric propagation represents a 
type of body tissue, tlie fields witliin tliis enclosed region can be determined. The basic FDTD 
field update relation is that, at any point in space, the updated value of the electric field in time is 
dependent on the stored value o f the electric field and tlie numerical cur l o f tlie local distribution 
of the magnetic field in space [93].
Given the presented work in [4], it can be stated tliat tlie FDTD metliod can be successfully 
applied in evaluating UWB on-body communications. However, tlie constitutive parameters 
change with frequency and tlierefore the FDTD algorithm should be applied separately at each 
frequency band where within these parameters are assumed constant. This is the so-called sub­
band FDTD metliod. The analytical steps one can follow are presented in [4], and are the 
ibllowing
• First divide the whole frequency band into several sub-bands each o f which is narrow 
enough to assume tliat the constitutive parameters do not change with frequency.
• Use tlie conventional FDTD algorithm to obtain the time domain electric field, for each 
sub-band.
• Then Fourier-transfonn each sub-band delay profile back to tlie frequency domain. In 
addition, combine all the frequency responses into a new frequency response that includes 
all the respective sub-bands
• Finally, transfonn tlie previous frequency response profile back into tlie time domain in 
order to obtain a valid time domain response over tlie entire bandwidth.
For step 3, the combination of the received frequency domain signals can be represented as 
follows
=  W 4 W  (3.21)
/= i
where 7].  ^(d)) is the received signal for Üie 7-th sub-band, (ft))is a rectangular window
associated with the baiidwidtli o f the 7-th sub-band, and N  denotes the number of the sub-bands 
considered. In [4], the authors use nine sub-bands each one with approximately unique frequency- 
dependent characteristics. Furthermore, tlie cell size used was 2 mm and the time step was 
3,3x lO “‘^ S. Definitely, as the more number o f the sub-bands increase, the estimation o f the
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received field becomes more accurate. The same happens when considering tlie side of tlie cube 
and the time step of the FDTD algorithm. i
3.6 Summary |
The concept o f UWB WBAN along with deterministic propagation approximations of the pure j
body-centric channel have been described in this chapter. This has included tlie detailed jI
classification o f the different types o f body propagation channels, the presentation o f sensor j
types and integration structures and the basic characteristics o f that an UWB should maintain j
when mounted on the body. j
Thereafter, insights of different deterministic modeling approaches such as electromagnetic i
scattering, UTD and FDTD have been presented. These methods can be applied when modeling j
the body-centric communications scenarios by taking into consideration the constitutive \
parameters o f the body in different frequency bands. Finally, the origin of creeping wave *
propagation, which is the main on-body propagation mechanism in UWB frequencies, has been 
analyzed and tlie power law tliat dominates these surface diffracted waves has been presented.
The significance o f this law will be clearly revealed in tlie following chapters.
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Chapter 4
4 Statistical Modelling and Characterisation 
of UWB On-Body Radio Channels
This chapter presents measurements and statistical-based methods, for modelling the UWB indoor 
on-body radio chaimeL In conventional narrowband channels, this can be done by simply 
investigating the received signal envelope. Furtliermore, die delay spread o f the channels must be 
known in order to protect tlie communication channels from ISI effects. Unlike nanowband 
modelling techniques, wideband and UWB channel characterization requires estimation of 
additional parameters. This is actually apparent from the fact that UWB chamiels are highly 
resolvable and for optimum system design, knowledge of the individual multipath component 
characteristics is essential.
4.1 Introduction
It has been previously mentioned tliat tlie mobile radio channel might impose severe limitations 
on the perfoimance of wireless communication systems. Unlike wired channels that aie easily 
predicted using waveguide theory, wireless channels are extremely random and do not offer easy 
analysis. Several well established methods exist, in order to analyse radio wave coverage in a 
wireless channel.
These methods can be classified into two major categories; empirical - statistical models, and 
deterministic models. Some o f tlie frequently used deterministic metliods have been presented in 
Chapter 3 (e. g. FDTD, electromagnetic scattering). Furtliermore, there are site-specific models 
which are based on the ray interpretation o f wave propagation and use laws derived from 
geometrical optics as well as uniform formulations. Although deterministic models such as the 
ones presented in tlie previous chapter and the ray-tracing method, can usually offer high degree 
o f prediction accuracy, they suffer fr om computational complexity in tlie sense that firstly, a large 
number of parameters need to be estimated and secondly fast-processing hardware is required. 
Finally, although they give a reasonable average metric of tlie existing field, rapid signal 
fluctuations camiot often be predicted, especially when the receiver moves within a high density 
multipath enviromiient.
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To avoid high complexity o f the analytical models, radio system design is typically done in a 
statistical fashion, based on measurements made specifically for an intended communication 
system or spectrum allocation [42]. Empirical models are simple aud efficient (fast) to use since 
the number of parameters is severely reduced compared to the deterministic models. However, in 
general they are not reproducible in the sense that they cannot provide accurate results for 
disparate scenarios. To overcome this difficulty, statistical models with physical insights should 
be produced, so that the model structure is identical for propagation channels with similar 
characteristics. In this manner, existing models can be merely updated witli tlie new parameters 
that correspond to new environments.
4.2 Channel Sounding Techniques
Investigation o f tlie multipatli structure of a channel requires measurements to be carried out in a 
wideband tasliion. Towards tliis end, a number o f such channel sounding techniques have been 
developed. These techniques can be separated into two major categories: Time domain wideband 
sounding and frequency domain wideband sounding.
4.2.1 Time domain channel sounding
Two main approaches are usually followed for measuring tlie wideband chamiel response in the 
time domain. The first and most simple is tlie direct pulse approach. This system transmits narrow 
RF pulses with a repetition period greater than tlie longest multipath propagation delay. At die 
receiver, tlie signal first passes through a pass-band filter, then is amplified and finally is detected 
by an envelope detector. However, there are some important limitations when using tliis 
technique. More specifically, tlie pulse system relies on the ability to trigger tlie oscilloscope and 
therefore if the arriving signal fades it is possible that the system may not depict the correct 
channel response. Furthermore, due to the large transmission bandwidth, the signal is subject to 
interference and noise.
A time-domain soimdiug technique with widespread use, that overcomes tlie restrictions of the 
direct RF pulse method, is the spread spectrum sliding conelatiori. The sliding correlator channel 
sounder spreads a carrier signal over a large bandwidth by using a PN sequence generator which 
has a very small duration. At the receiver side, the spread-spectrimi signal is dispread by using a 
PN sequence, identical to that used at the transmitter. However, the PN clock frequency of tlie 
reference PN code is set slightly lower tlian that o f the modulation PN code on tlie transmitting 
side [94] in order to force an alignment between the transmitter and the receiver chip clock. The 
effects o f tills difference in the cliip clock, is a slight time widening o f tlie correlation peak that
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can lead to the reduction of the measurement temporal resolution and also, to the reduction o f the 
system dynamic range due to the increased correlation noise [95].
The major advantage o f this tecluiique lies on tire fact that when the two sequences are 
maximally correlated, the signal is dispread and therefore it has a small bandwidth. This fact 
allows system designers to set a narrowband filter before detection, in order to reject any 
unwanted pass-band noise. Furthennore, the triggering requirement of the direct RF pulse sounder 
is now eliminated due to the use of the sliding conelator.
4.2.2 Frequency domain channel sounding
Frequency domain chamiel sounding is based on the duality between frequency and time 
domain. The most important unit this measurement tecluiique is the Vector Network Analyzer 
(VNA). The VNA coiitiols a synthesized frequency sweeper which transmits narrowband 
sinusoids across the frequency range o f interest. The transmitted signal level at each frequency 
step can be set by modifying the instnunents settings appropriately. At tlie receiver side, tlie VNA 
is capable of measuring tlie signal strengtli and tlierefore the channel gain -parameter) which 
is the ratio of the received to tlie transmitted signal can be easily obtained.
The response of the channel in the delay domain is obtained by use of tlie Inverse Discrete 
Fourier Transform (IDFT) which is directly applied to each o f the recorded measured data set as 
follows:
/ ( n )  = FFT -‘ { F ( t ) ) = T g i r ( i ) e - ^ ^ ~ » « _  „ = o.l N - \  (4.1)
^  i-=0
where denotes tlie measured complex data set in frequency domain, / ( « ) represents the
respective time domain points and N  \s die total number o f fiequency points swept. The 
difference between two adjacent measured fiequency points is called die fiequency resolution of 
the measurement and actually defines die maximum detectable delay in the time domain. Within a 
given bandwidth, the fiequency resolution is a limiting factor for the maximum detectable delay 
in die time domain. More specifically, as the fiequency resolution of the measurement increases 
the maximum detectable delay becomes longer as the number of points per sweep increase. The 
maximum detectable delay is given by
( # - 1)D^L-u: -  (4-2)
This result can be easily derived taken into consideration diat the time resolution of the 
measurement is given by the inverse o f the measured bandwidth.
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Depending on the channel parameter that needs to be configured, post-processing can be 
performed at eitlier the time or frequency domain. However, investigation of the tap-delay UWB 
channel requires most o f tire post-processing steps to be carried out in tlie time domain. This is 
essential especially when the Power Delay Profile (PDP) o f UWB channels.
T x l  Tx2f
J D VNA 1
------ -----------
Time Domain 
Data 1
Frequency 
Domain Data
IDFT
I \Post Processing Steps
Channel
Characterization
Figure 4-1. Schematic rcprcseutation of an on-body frequency domain channel measurement.
In Figure 4-1 a graphical representation of tlie methodology described above is presented. Under 
tlie requirement tliat tlie PDP for the communication link between two on-body sensors needs to 
be obtained, tlie frequency domain data are obtained from die VNA. Thereafter, a conversion to 
time domain is performed by implementing IDFT, and from the resulting profile various channel 
parameters can be extracted.
4.3 Large-Scale and Time Dispersion Parameters
One of the most important aspects o f statistical characterization is die derivation o f a model that 
describes the fluctuations o f die received signal with respect to distance. Propagation models that 
predict variations o f tliis sort are called large-scale propagation models. Usually, die output of 
diese models is the estimated path-loss of the channel at a particular distance. Path-loss represents 
the attenuation of the signal and is defined in terms o f the received signal power and the 
transmitted power as follows
R (4.3)
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Assuming that both antennas have unity gain, the fiee-space loss i ^ i s  calculated by the well- 
known Friis formula as follows
where A is the wavelength and d  is the distance between the terminals.
Although Equation(4.4) describes tlie ideal ffee-space scenario, it is difficult to characterize the 
signal attenuation in complex real environments. However, under the assumption that the received 
signal depends on some power of distance, (in ffee-space this power exponent is 2) a simplified 
model can be used for system design [42], [56] ;
L =  C d .
-r
S  (4.5)
In Equation(4.5) (/g is the reference distance which is chosen equal or slightly bigger than the 
distance where the transmitter far-field area begins, and y  is the path-loss exponent of the 
channel. Parameter S  is used to take into consideration tlie fact tliat due to the complex structure 
of the environment, signal attenuation may be vastly different at two locations having the same 
transmitter-receiver (T-R) separation. Parameter S  is usually modelled by a log-normal 
distribution and therefore tlie patli loss becomes a log-normal random variable with mean equal to
C [ d  ! d^) ^ . A physical explanation of the log-normal distribution will be provided later on in 
tliis chapter.
In UWB channels, the path loss is calculated directly ifom die time-doniain data by adding the 
power gains of each tap. This implies that the total path-loss can be also estimated from the 
original frequency domain data by simply averaging the individual gains of each of die measured 
frequencies.
Several large-scale models have been presented in literature for UWB on-body propagation. In 
general, measurements are performed in two main directions: around the body and along the 
body. In [96], the audiors performed measurements at six different planes along the front o f the 
body. The measurements took place in the frequency range between 3 and 6 GHz. The patii-loss 
exponent around the body averaged over all measurements was found approximately 6. In anotiier 
study [1], the same authors presented a slightly different result(n = 7.2) . In [97], a value of 4.2 
was reported for similar measurements in the upper torso. Altiiough the measurements around the 
body indicate a path-loss exponent value larger than 4, the results presented in [97] and [98]
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indicate that signal attenuation is less severe when the UWB signal propagation along die human 
body. More specifically, in these studies the value of tlie patli-loss exponent was found 3.1 and
3.3 respectively. It should be noted that the values presented so far, have resulted Ifom 
measurements in large empty rooms or from measurements in anechoic chambers, so tliat only the 
influence of tlie body is taken into consideration, ignoring tlius reflections from the ground wall 
and ceiling.
A ver^  ^interesting study regarding UWB on-body path-loss variations is given in [99] where the 
autliors model the signal attenuation with two different UWB low-profile antennas, in the 
frequency range 3-9 GHz. Results reveal that the antenna characteristics greatly impact the 
measured attenuation around the body, since tliey are considered to be part o f the conummication 
link. More specifically, the exponent value was found « =  3.9 for a Horn-Shaped self- 
Complementary Antenna (HSCA) and n = 2 .6  for a Planar Inverted Cone Antenna (PICA). The 
autliors have attributed tliis difference to the fact that PICA has excellent omnidirectional 
characteristic across the whole UWB range, whereas tlie HSCA exhibits nulls, which are more 
obvious around 6 GHz.
Another parameter o f the UWB on-body channel is tlie RMS delay spread. As discussed in 
Chapter 2, this parameter has a significant impact on the system design, since it provides a figure 
of merit for estimating the system data rate. A complete study of the channel delay spread along 
the body is given in [97], for both controlled (anechoic chamber) and indoor enviromnents. It has 
been observed tliat for both scenarios, the delay spread increases with respect to distance. It also 
has to be noticed, tliat measurements around tlie trunk have shown tliat the values of RMS delay 
spread are bigger tlian the values resulted from measurements along the body.
A comparison o f RMS delay spread values between two different antennas (PICA) and (HSCA) 
can be found in [100]. In general, under all circumstances delay spread does not exceed 7.3 ns in 
controlled environments and 20 ns in indoor environments. These values can be seen as worst- 
case scenario limits, and must be seriously taken into consideration when designing UWB on- 
body communication systems.
4.4 Small-Scale fading
In addition to modelling tlie channel large-scale behaviour, small-scale effects must be also 
taken into consideration in order to completely characterize tlie amplitude variations of tlie 
received signal. In narrowband channels, tlie small-scale variations are attributed to the vectorial 
addition of the received unresolvable paths. Due to the constructive and destructive interference 
of the received patlis, the signal strength vastly varies around tlie average path-loss trend. This
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phenomenon is the so-called small-scale channel fading, and has a severe impact on the 
performance o f any communication system. On tlie otlier hand, UWB systems exhibit limited 
fading behaviour of the received signal, due to their inherent frequency diversity property. 
However, the small-scale fading in that case can be studied separately for imresolvable echoes 
ai'riving within a delay which is less or equal to the reciprocal o f tlie transmission bandwidth. 
Furtliermore, fading witliin a single bin might be observed, even if only one component arrives at 
a time. However, this component must have different origins when the receiver moves within a 
veiy small area where the path-loss is assumed constant (extremely high density enviromnent).
Amplitude fading may follow different distributions, depending on the structure of tlie area 
covered by measurements, presence or absence o f a dominating strong component and some other 
conditions [101]. The most important distributions that describe the small-scale fading effects are 
tlie Rice, Rayleigh, Nakagami, Log-nonnal and Weibull distribution.
The Rician distribution is mostly used to describe Line of Sight (LoS) chamiels. Namely, in such 
a situation, random multipath components arriving at different angles are superimposed on a 
stationary dominant signal. Therefore the received signal vector can be considered to be tlie sum 
of a fixed deterministic component and some scattered components which have random 
amplitudes and phases. The Rician distribution is given by [102]
=  r > 0  (4,6)
where P (« )  is the probability of the signal amplitude being equal to , 5 is the magnitude of the 
strong component, 7  ^ is the modified Bessel fimction of zero order, and <r^  is proportional to 
the average power o f tlie scattered components.
The Rayleigh distribution is used to describe multipath fading, in tlie absence of a strong 
deterministic component. The Rayleigh distribution is a special case of tlie Rician distribution and 
can be derived in a straight-forward maimer by setting 5 to zero. Its Probability Density Function 
(PDF) is expressed as follows:
r rM
= (4.7)
Botli the Rayleigh and tlie Rician distributions are most applicable when the Central Limit 
Theorem (CLT) holds (i.e. tlie number o f arriving unresolved components is large) and that is the 
case in narrowband fading channels. However, for wideband and most importantly UWB fading 
chamiels, more flexible empirical distributions are used to describe the path-amplitudes within a
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delay iiitei-vaL This is due to the inapplicability of the CLT in high-resolvable channels; where 
there is a theoretically limited number o f MFC’s that arrive within each delay bin.
A more general fading distribution whose parameters can be adjusted to fit a variety of empirical 
measurements, is the Nakagami distribution which is given by
9  m 2«,-l
where r ( « ; ) i s  the Ganuna function, Q  =  £ ’|^7'^Jand ?« =  ] |  with the
constraint > 1 /  2 . Note that tlie Nakagami distribution reduces to Rayleigh for m  =  land it also 
approximates with high accuracy the Rician distribution under tlie following condition [56]
In some occasions the m  -parameter might be less tlian unity and tliis physically means that 
fading causes more severe performance degradation than Rayleigh fading.
Another widely used distribution for describing the paths amplitudes is the log-normal 
distribution, which is given by
P ( r ) = — \  r k O  (4.10)
ryllTV tJ
As it has been mentioned earlier, this distribution usually describes large-scale fluctuations around 
tlie mean path-loss. However, it has been shown in [96] tliat tlie log-normal distribution provides 
an adequate fit to UWB small-scale on-body measurements. A physical interpretation for 
encountering tliis distribution is given in [102] and is the following: considering that tlie 
contributions to tlie signal attenuation act independently, tlie total attenuation will be simply tlie 
product of these contributions. In the log-domain, this product can be seen as a sununation o f all 
tlie individual losses and the CLT implies that the signal logarithmic amplitude will be normally 
distributed. Therefore, in the linear domain it will be log-normally distributed.
Finally, the Weibull distribution with parameters Ar, A has also been successfiilly used to model 
the small-scale amplitude fluctuations of UWB indoor chamiels [103]
=  ^ ^ 0  (4.11)
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There is actually no theoretical basis for encounteriug this type of distribution. However, under 
certain conditions, the Weibull distribution can be reduced to the Rayleigh and exponential 
distribution [104]. Therefore, it can be used to model both tlie magnitude and the power j
fluctuations of the received signal. ,
4.5 Path Arrival Statistics |
In order to simulate a communication channel, the impulse response (IR) o f the channel must be i
known. So far, techniques for modelling the large and the small-scale chamiel characteristics have
been presented. However, accurate IR representation and accurate receiver design require
information with respect to the arrival time of paths. Furthermore, RAKE receivers require
knowledge o f the patlis arriving witliin a specified time interval, so that tlie number o f fingers can j
be determined. In tliis section, tlie Poisson distiibutiou, which is usually suggested in literature,
will be compared to a Maikov type aixival scheme which we have recently proposed for UWB on-
body channels, and it has been proved to outperfonn the standard Poisson approach. The
description that follows is based on the findings o f [105].
4.5.1 Poisson distributed arrival sequence
A basic model for describing tlie arrival sequence of paths is tlie Poisson distribution, which was 
first suggested in [37]. This distribution is encountered in practice when certain events occur with 
complete randomness [106]. The Poisson distribution is expressed as follows:
P { L  =  I ) = J - ^  (4.12)
where jLi =  Ap is tlie Poisson parameter that denotes tlie nimiber o f patlis occurring in a
given interval T  and tlie parameter A p(/)is  the mean arrival rate at tim e/. The Poisson 
parameter for a given empirical IR response, is given by
=  (4 A 3)
i=l
where 7]is tlie path occurrence probability for bin. /and is the total number of empirically 
obsen^ed bins within the interval T .
Various indoor wideband measurements, caixied out by Hashemi [106] and other researchers 
[107], have shown a considerable discrepancy between tlie measinements and the tlieoretical
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Poisson fit. The inadequacy of die Poisson distribution is attributed to the fact that the scatterers In 
a given propagation environment are not located witli complete randomness.
The first attempt to resolve this discrepancy was made by Saleh and Valenzuela (S-V) [108]. 
After observing indoor pulse responses, tliey realized that rays arrive in separable groups, which 
are called clusters. Taking tliis into consideration, the IR model presented in Chapter 2 should be 
modified as follows:
Let the gain of tlie k"^  ray o f the l"* cluster be denoted by and its phase by 0^,. Furthermore, 
let Tj denote tlie arrival time o f the 1**‘ cluster and the arrival time of tlie k"^  ray within the 1*^ 
cluster. Then, the modified complex low-pass IR of the channel will be given by
(4.14)
7= 0  it= 0
The S-V model also assumes that the average power gain o f rays within a cluster decays 
exponentially with a fixed power decay constant A,., whereas the power gain of clusters follows
another exponential decay law witli decay parameter A^. Therefore
(4.15)
Another assumption of the S-V model is that the cluster arrival sequence (i.e. the arrival times of 
tlie first rays o f the clusters) can be modelled using a stationary Poisson process with a fixed rate 
A, • Furthermore, witliin each cluster, subsequent rays anrive according to another Poisson 
process witli rate/1^. Therefore, 7]and are described by the independent exponential PDF’s 
[109]
P { T , - T , . , ) =  (4.16)
=  (4.17)
A schematic representation of the S-V model is illustrated in Figiue 4-2 below.
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Figure 4-2. A schematic representation of the S-V clustering model.
4.5.2 The modified Poisson model
The S-V path arrival model maintains the Poisson nature of the arriving sequence, and 
fiirthermore it restricts its validity within a time cluster. Furtliermore, the fixed rate of the Poisson 
process does not agree with intuition because at large delays the rays are expected to arrive with 
relative smaller rates. Finally, it does not consider the fact that within a cluster, the scatterers 
might not be located at random. All tlie above imply diat in order to find the most probable path 
arrival number within a specified interval, as well as the bins with the liighest probability o f 
occupancy in that interval, anotiier methodology should be employed, instead of the pure Poisson 
process.
To account for the non-randomness of the local structure in an indoor UWB on-body channel, 
the authors in [96] have modelled the path inter-aiTival times witli the Weibull distribution. 
However, there is no physical explanation behind tlie use of the Weibull distribution on predicting 
arrival statistics. A solution to this problem has been presented in [110], for a 10 MHz wideband 
channel. In this work, the non-randomness of the scattering objects was first investigated and the 
author suggested that this phenomenon can be physically interpreted by developing tlie so-called 
modified Poisson or A-K model. According to this model, the patli-occurrence probability for the
rt-thbin depends on the presence of a path on tlie (n  —l)-thb in . I f  no path is present in the
previous bin the path occmrence probability of die current bin is denoted by , whereas if a patli
does exist in the previous bin the probability o f a patli in the current bin is . The exact
complementaiy approach is used for the probability o f not having a patli in the /7-th bin.
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4.5.3 The modified Poisson model for UWB on-body propagation channels
In the following, the validity of the A-K model for UWB on-body radio propagation is examined 
based on newly estimated parameters wliich are derived fioin on-body channel measurements 
carried out in the frequency range between 3.25 and 5.75 GHz. The model parameters are 
estimated directly from the measured data, based on a Markov chain interpretation of the path 
arrival sequence,
4.5.3.1 Measurement set-up and data post-processing
Radio propagation measurements were carried out for various UWB on-body scenarios and 
environments as part o f the MAGNET project experimental work [111], [6]. During this work, a 
spread spectnim sliding correlator sounder was used, whose operation is based on tlie principles 
described in Section 4.2. Multiple measmements were performed for different on body transmitter 
antenna positions. The receiver was always placed at the belt position on the right side of the user 
and was equipped with a commercially available folded monopole antenna. Four body worn 
devices equipped witli a custom designed directional slot element were used as transmitters.
Each set of die experimental data, covered a wide variety of sensor positions along die surface of 
the human body. In the presented work, 246 profiles collected in a typical office room were 
analyzed. The distance between the transmitter and the receiver was between 0.6-1 m and the 
transmitter was placed on various leg positions o f a seated user. The resolution o f the reeeived 
signal was approximately 0.4 ns and the maximum delay threshold was set to 250 ns 
corresponding to 625 bins in the time domain. In each delay bin, there is eitiier a single padi, or 
there is no path. The case o f more than one path in a single delay bin is not allowed and the 
assumption made is two or more paths will combine into one [37], [107],
The data processing time limit used was 61 bins. This selection was imposed by die fact that 
after this interval the probability o f observing a path was too small as suggested by the 
measurement data. As mentioned earlier, each data profile is divided in 0.4 ns intervals and a 
dueshold level was employed to detect a genuine path in each bin [52]. In our case this threshold 
was set to 15 dB below the strongest path. Consequently, any path below this threshold was set to 
zero.
4.5.3.2 Markov chain interpretation of the path arrival sequence
It is apparent from the definition o f A-K model provided earlier, that diis model satisfies the 
Markov property. According to this property, given the present state, future states are independent 
o f die past states. Therefore, the arrival o f a path widiin the n'** delay bin, can be seen as the n*** 
state of a padi arrival chain, whereas the arrival of a path widiin die (n-l)*‘‘ can be seen as the (n-
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1) ^ state of the same path arrival chain. Transition between states can be found by applying the 
transition probabilities in the current state. According to the A-K model hypothesis, they can be 
expressed as follows:
1 1-^H-l (4.18)
P  [X„ = 11 = 1] =  (4.19)
P [  A';, =  0 1 = 0] =  1 -  (4.20)
=  (4.21)
In tlie equations above and X„_j denote the u'** and tlie (u-1) state respectively. In general, 
the clustering coefficient k„ and the conditional (underlying) probability depend on the state n
and transition between two adjacent states can be seen as a transition between two states that 
belong in a homogeneous two-state Markov chain. Therefore, the whole process can be 
characterized as an inliomogeiieous Markov chain that consists o f concatenated homogeneous 
two-state chains. A schematic representation that clarifies better the presented analysis is 
demonstrated in Figure 4-3.
Î — A
Figure 4-3. Markov chain representation of the A-K model.
Having defined the transition probabilities for adjacent states and following the Markov property, 
tlie probability o f having a path in the « -th  bin is given as follows;
P (X „  = 1 ) =  P (X „  = 0 )  + P (X „  = 1) =
=\p(x„_,=o)-vkAP(x.^ =i)
Similarly, tlie probability o f not having a patli in die n-th. bin is expressed as;
70
Chapter 4. Statistical Modelling aW  Characterization o f  UWB On-body Radio Chamiels
P ( X ,= 0 )  = P{X„ =0,Z._, = 0)+ P (X „ = 0,X,„, =1) = 
=  (l- /l„ )P (X „ _ . = 0 ) + ( l - M „ ) ^ ’(J^.-i =1)
The above equations can be expressed in a matrix formation as follows:
= 0)
(4.23)
K A  A = 1 ) '
J ~ A A :  I - A . =  0)_
(4.24)
Given the transition probability matrix for all states, and tlie probability of occmrence for tlie first 
state, Equation(4.24) can be generalized in the following manner
p . = r T B . p . (4.25)
where P, =  (l — )J , B, is the 2x2 transition probability matrix for state i and is the 
predicted 2x1 probability matrix for state n .
As mentioned above, the transition (conditional) probabilities can be estimated directly from the 
measurement data, if  the inhomogeneous arrival process is seeing as (iV — l)  stationary one-steps 
chains concatenated in time. In that case, parameters A„ and /c,,are expressed as [112]
C  + /a, (4.26)
___ + r, (4.27)
where notation are measured quantities obtained from the empirical data. For instance, /gj
denotes the number of bins that are occupied in the current state, but were not occupied in the 
previous state. Tlie same approach should be followed in order to estimate the rest of the 
measured transition rates.
Based on the above equations, the transition probabilities were estimated for each delay bin. 
Figure 4-4 and Figure 4-5, present plots o f the estimated underlying path occurrence probabilities, 
2a, and the clustering coefficients, ku with respect to the arrival chain state. After comparing the A- 
K model clustering coefficients for channels, with those obtained in this case for the UWB-BAN 
channel, it is clear that values of /cn, are bigger in the latter case. This is expected, since tlie 
chamiel is liighly resolvable and clustering effects become more significant.
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Figure 4-4. Underlying patli occurrence probabilify with respect to the bin number.
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Figure 4-5. Clustering coefiicieiit with respect to the bin number.
In Figure 4-6, the theoretical path occurrence probabilities resulting from Equation(4.25) are 
compared to tlie corresponding empirical values. The presented result suggests that the derived 
parameters and tlie implementation of the presented model can sufficiently predict die probability 
o f occurrence for each delay bin.
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Figure 4-6. Estimated (- - +) and empirical (- - o) path occurrence probability, with respect to the bin
number.
4.S.3.3 The cumulative path density algorithm
To find the probability o f having a certain number of paths within a pre determined time 
interval, the following recursive formulas should be applied that take advantage of the tiansition 
probabilities between adjacent states.
Pn  ^  (Z, - / )  +  (Z/ -  /)
P \.n {p= ^)  = Pi{N-i) ( z : = / ) ( i - 4 )  
{P “ 0  )
-^ 2.:V { P ~ 0 ~  [P -
(4.28)
(4.29)
(4.30)
In the above formulation, P^  jr ( i  =  /)  denotes tlie probability o f having /paths witliin the first N 
bins and tlie last bin is not occupied, whereas (Z, = /)  denotes the probability of having / 
patlis within die first N  bins and die last bin is occupied.
The meaning of Equation (4.29) is that in order to have / patlis within the first N  bins whereas 
bin N  is not occupied, there must be I padis up to b i n # —1. If  bin N —\ is occupied, then the 
transition probability given by Equation(4.21) is applied, whereas if  bin #  —1 is not occupied, 
the tiansition probability obtained from Equation(4.20) is applied.
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Similarly, the meaning of Equation(4.30) is tliat in order to have I paths within the first N bins 
whereas bin N  is occupied, there must be /  — I paths up to b i n # —1. If  bin #  —1 is occupied, 
then the transition probability given by Equation(4.I9) is applied, whereas if bin N —l is not 
occupied, the transition probability obtained from Equation(4.18) is applied.
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Figure 4-7, Empirical (- - o) and theoretical (- - +) A-K model cumulative path density plots for
N  =  5 and N  =  25 .
In Figure 4-7, the newly estimated parameters were applied to tlie cumulative recursive 
equations of the A-K model for delay intervals o f #  =  5 and #  =  25 bins. In order to compare 
these results with the random Poisson model, tlie Poisson distribution was compared to the 
theoretical data for both delay intervals. It is apparent that tlie theoretically predicted results by 
applying the A-K model give a better estimation o f tlie measured path number disti ibution when 
compaied to tlie results obtained by use of tlie Poisson distribution. Tliis observation results from 
the fact the modified Poisson model takes into consideration the probability o f occurrence o f each 
bin separately, rather than considering tlieir sum as does the pure Poisson model. As shown in 
Figure 4-9 and Figure 4-10, similar results are obtained for delay intei-vals o f #  =  10 and #  =  30 
bins. Please note that the plirase “cumulative path density” in the caption o f the presented figures, 
refers to probability o f accumulating /paths within a specified time window and it should not be 
confiised with the meaning of Cumulative Distribution Function (CDF).
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Figure 4-8. Empirical (- - o) and theoretical (- - +) Poisson cumulative path densitj' plots for 7/ = 5
and N  =  2 5 .
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Figure 4-9. Empirical (- - o) and theoretical (- - +) A-K model cumulative path densit) plots for
iV = 10 and = 30.
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Figure 4-10. Empirical (- - o) and tlieoretical (- - +) Poisson cumulative path density plots for = 10
and AT = 30.
4.6 Summary
Major measurement and channel modelling teclmiques for UWB on-body propagation channels 
have been presented in tliis chapter. Starting with a description of time and frequency channel 
sounding methods, the discussion moved towards the analysis of the large and small-scale channel 
statistics. More specifically, it has been shown tliat for tlie case o f UWB on-body channels, the 
received signal degradation is more severe when propagation takes place around tlie body rather 
tlian along the body. In addition, the small-scale signal variations can be successfiilly described by 
tlie lognormal fading distribution. Furthermore, in order to describe tlie path arrival sequence, tlie 
Poisson and the Markovian A-K model have been employed, based on UWB on-body channel 
measurements. New transition probabilities have been derived directly from UWB on-body 
measurements. The modified Poisson model was found to provide a better fit with respect to tlie 
cumulative path densities , and also to match better the empirical path occurrence probabilities, 
when compared to the classic random Poisson approach.
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Chapter 5
5 A Novel Path-loss Model for UWB Off- 
body Propagation
A novel, multi-slope dual breakpoint model for predicting path-loss in Ultra-Wideband (UWB) 
off-body communication channels, is presented in tliis chapter. This model is based on real-body 
measurements, carried out in tlie frequency range between 3.5GHz-6.5GHz, in an anechoic 
chamber. New parameters that describe tliis specific propagation environment are presented and 
evaluated. Results show tliat the first breakpoint point angle lies in the lit region of tlie transmitter 
and increases exponentially with distance until it rises to its threshold value. Based on tliis finding 
the near and far field areas of BAP (Body to Access Point) channels are defined. In addition, 
newly estimated decay coefficients suggest severe degradation as the receiver moves in between 
tlie two critical angles. It has to be mentioned that the work presented in this chapter is based on 
tlie findings of [113].
5.1 Introduction
It has already been mentioned in Chapter 3, that WBAN can be classified into on-body, in-body 
and off-body systems. In order to optimize receiver structures and system design of UWB- 
WBAN, channel modeling is essential for each o f these sub-systems. However, as seen in tlie 
previous two chapters, channel characterization for communications of this sort has been mostly 
focused on study of die on-body scenario. Therefore, despite the fact that on-body channels have 
been meticulously analyzed, few reports diat describe die UWB Body to Access Point (BAP) 
channel exist in literature and none of diem takes into consideration die significant impact of 
antenna separation and body orientation on the received signal strength. More specifically, in [5] 
die authors measure the alternations o f die anteima pattern, when the antemia is mounted on die 
body waist. However, their findings are limited to a general description o f how die antemia 
pattern changes with respect to different environments and no padi-loss model is provided. 
Furthennore, measurements took place in a fixed distance and the joint effect of both distance and 
body orientation is not studied, 
hi the work presented in this chapter, die above issues are addressed by developing a novel two
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dimensional path-loss model, physically motivated by creeping wave propagation around the 
body. This model describes channel alternations with respect to the body orientation angle and the 
distance between tire Access Point (AP) and the body. In the remainder o f this chapter the 
measurement techniques and scenarios under investigation are presented. Furthermore, a gradual 
model development is provided which mostly focuses on parameterization. Finally, the proposed 
model is established and evaluated by means o f comparison with the empirical data collected in 
the anechoic chamber.
5.2 Measurement Apparatus
All o f the results presented in this work are the outcome of measurements that took place in an 
anechoic chamber, where absorbers prevent secondary radiation sources surrounding the body, 
from affecting the pure communication channel between the wireless terminal and the liimian 
body. Consequently, the output o f Üiis model preserves synmietries which are very important for 
the description o f die UWB-BAP propagation channel.
Measurements were carried out in tire frequency range from 3.5 GHz to 6.5 GHz. A frequency 
domain channel sounding tecluiique was chosen wliich has been proved to give accurate results 
for short range indoor rneasmeraent campaigns. Measur ements o f tliis sort were realized by using 
a VNA which was programmed to transmit 801 equally spaced CW (continuous waveform) tones 
witliin the desirable frequency range and record tlie complex channel gain (S21) at each frequency 
tone. A point averaging factor o f 30 was used and the system was calibrated before starting the 
radio chamiel measurements, removing tlius tlie effects o f cables and amplifiers.
In tlie presented set-up tlie same omnidirectional, low profile Skycross SMT-3T010M antennas 
were used. These antemias can accurately represent the size and profile requirements which are 
typical for body wmrn sensor devices. Furtliermore, tlie same anteimas were used for on-body 
measurements in tlie work presented in [96], for on-body chamiels.
A power amplifier (PA) and a low^  noise amplifier (LNA) were used at the transmitter and the 
receiver side respectively. It is important to mention that an LNA was placed immediately after 
the receiver, so that the system total noise figure is minimized as suggested in , whereas the power 
amplifier was placed at the output o f Port 1 (transmitter) o f the VNA, in order to avoid 
amplification of noise wliich is generated when tlie signal passes tlirough the cable.
During all measurements, tlie transmitter was momited to a fixed position. The receiving 
antemia (on-body sensor) was mounted on tlie body tnuik and aligned in the veifica! plane, 
parallel to the body and helding by an elastic belt. In addition, a dielectric plastic separator o f 5 
mm widtii was used to keep the antenna slightly away from tlie body. Therefore, the distance of
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Skycross antenna from the body was 5 mm. By using this method the receiver remained stable 
during each measurement and a 10 dB return loss across the frequency band of interest was 
maintained. At tliis point, it is important to be noticed tliat as in any otlier channel sounding 
campaign, the presented measurements contain some uncertainties, with respect to the radiation 
pattern stability, the return loss maintenance and any additional cabling effects. As it was 
previously mentioned, a dielectr ic separator was used, in order to maintain an acceptable (10 dB) 
return loss. Furtliermore, low-loss extra tliin (~ 2 mm) cables were used, in order to minimize the 
potential of radiation leakage along the cables. Finally, similarly to other body-centric 
measurement campaigns -[5], [96], [114] - the on-body antenna was assumed to be pait o f the 
integrated body-centric system.
X :The /'tft m easured potnt in the
azimuth direction
pt, : Thefc-th m easured point In the radial 
direction
0A ! The angle shaped betw een th e  1 "  
and the  i - t h  m easured point in the
azim uth direction
“  P.
Figure 5-1. Fundamental measurement set-up for the description of IW B-BAP communication
channels.
Figure 5-1 illustrates tlie basic concept followed during the measurement procedure. Cylinders 
represent the real bodies used in measurements, assuming that the periphery o f the person under 
test is cylindrical. Four different set of measurements were conducted and more than 800 
frequency responses were collected. Each set coixesponds to each one of tlie different bodies used. 
The circumferences of the measured bodies were 68, 77, and 85 and 92 cm respectively. The 
circumferences of the measured bodies were 68, 77, and 85 and 92 cm respectively. These first of 
tliese values represent an average female body, whereas the remaining of tlie measurements
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represent regular- (77, 85 cm) and slightly obese (92 cm) male bodies. As mentioned earlier, the 
transmitter was mounted on a fixed point and without loss o f generality tliis point is defined as lire 
origin of our principal coordinate system (PCS). PCS describes the position of the point O, witli 
respect to the transmitter. Moreover, the point O is defined as the centre o f the body-centric 
coordinate system (BCS), which is responsible for positioning the receiver with respect to the 
azimuth angle This angle is actually the body orientation angle since it describes the body
position in tlie azimuth plane and is defined as the angle fonned by the line comiecting tlie body 
centre to tlie transmitter, and tlie on-body antenna respectively.
The experimental body is rotated aroimd the symmetrical axis z, fioin 0 to 360 degrees in 
equally spaced steps of 18 degrees. Rotation was achieved witli the aid o f a mechanical turntable 
which was automatically controlled by an efficient computer program. Both the VNA and the 
rotation unit were connected to the control unit via a General Purpose Interface Bus (GPIB) 
interface. A detailed configuration o f the connections between tlie instr iunents and the control unit 
is shown in Figure 5-2.
In the presented measurement set-up, 21 BCS-based measured positions correspond to each 
PCS-based — radial -position. In total ten equally-spaced radial positions were considered and 
covered the range ifom 0,3 to 3 meters. If  each of tlie radial points is denoted by k  and each o f the 
azimuth points is denoted by i , tlien it is apparent fi-om the above analysis that
1 < / < 2 1  
] < * < 1 0 (5.1)
CONTROL
UNIT
ROTATION
UNIT
OVNA o
PORTX PORT 2
PROCESSING
UNIT
Figure 5-2. Connections among instrument units and data processing flow.
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Finally, it has to be mentioned that that tlie transmitter and the receiver heights are equal, which 
means that the condition Zlz =  0 -where A z  is the height difference between tlie tiausmitter and 
receiver- is applied at all measurements.
5.3 The Multiple-slope BAP Channel Model
Carefiil consideration of the BAP channel measurements prompts to model the off-body 
communication channel with a multiple-slope linear path-loss equation in the semi-logarithmic 
domain. The necessity behind tlie use o f such a model becomes apparent from tlie path-loss values 
obtained with respect to tlie body orientation angle, for transmitter-receiver separations. This 
observation is demonstrated in Figure 5-3, where tliere is a cleai’ evidence for the existence of 
different body regions towards the azimutli direction.
A linear semi-logaritlunic decay model is equivalent to an exponential decay model in tlie linear 
domain. Considering that tlie body at the GHz frequencies can be considered as a smooth 
conducting surface, tliis evident is validated from tlie analysis presented in Chapter 3, where it is 
shown that tlie electric field that propagates around surfaces of that sort is exponentially 
attenuated.
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Figure 5-3. Emplilcal path-loss values with respect to the body orientation angle , for different
values of the radial distance />.
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Multiple slopes are expected to appear since link performance between the access point and the 
on-body sensor node is strongly affected by any change of the angle 0^. As long as is such
that a LoS link is maintained and tlie antenna radiation pattern is not distorted by the body 
rotation, the path-loss exponent value towards the azimuth direction is expected to be low. On the 
other hand, as the rotation angle increases the on-body node lies in tlie shadow zone where it is 
expected tliat tlie link will suffer deep degradation. In addition, as the observation point enters 
deeper into tlie shadow region, tlie constructive and destructive interference caused by the clock­
wise and anti-clockwise waves around the body results in stabilization of tlie chaimel loss in tliat 
area. Based on the above analysis, we propose the following, newly developed equation in order 
to describe the received signal strength with respect to both distance and body orientation.
4  (p) -  -  4  ) 0 ^  ^  ^A L (p)
^ { P aL ) “  ” 5 ~  ^ AL ( p )  J  .^4L — ^A ~ ^JS ( p )  (5.2)
) -  «i -  ^ A S  ( p)]
In the equation above denotes the lit-region breakpoint angle, which is observed in the lit 
region of the transmitter. Similarly, denotes tlie shadow-region breakpoint angle which is
obseiwed in tlie shadow region of tlie transmitter. It has to be mentioned, that both breakpoint 
angles are initially assiuned to be distant-dependent. However, it will be shown later on in tliis 
chapter, tliat only tlie lit-region critical angle maintains this property.
Parameters 77^  , 77^  and 77^  represent the front, the side and back decay coefficient respectively.
The front decay coefficient applies when tlie body lies within the lit region of transmitter, the side 
decay coefficient should be used when the body lies in between the two critical angles and the 
back decay coefficient applies when tlie body is widiin die shadow region of the transmitter. They
have units and are partial expressions of die general azimuth decay coefficient which
can is written as follows
" f
(5.3)
«6
Furdiermore, (/?) represents the channel loss towards the radial direction (i.e. when = 0°).
Therefore, since patii loss towards the radial direction is a function of distance only, it is 
expressed according to the widely accepted path-loss formulation
82
Chapter 5. A Novel Path-loss Model for U\VB Off-body Propagation
4  ( P )  =  ^0 ( P o  )  + 1  l o g i V P o  ,
(5.4)
In Equation(5.4), p  is the distance between the transmitter and the on-body antenna at O”, 
Z,Q (p o ) denotes the reference path loss, measured at a distance = 0.3 m aw ay from tire body,
and N p  denotes the radial decay coefficient and is expressed in .
5.4 Breakpoints Positioning and Human Body Effects
A breakpoint angle, is defined as the angle after which tlie decay coefficient, change its 
arithmetic value. According to Equation (5.2) the proposed model considers two breakpoint 
angles with each one representing tlie passage from one region to another.
In order to relate parameter to distance, tlie boundary angle O^^'m Figure 5-4 must be
known. This angle is formed by tlie line sector connecting tlie transmitter to the body centre and 
the tangential line connecting the transmitter to the body surface. A graphical representation of the 
variations o f this angle with respect to distance is given in Figure 5-4.
Lit region
Shadow
region
Figure 5-4. Tlieoretical lit-region breakpoint angle variations with distance.
Under ideal conditions, namely under the assumption that for any LoS scenario, antenna 
reception is not affected by the human body rotation and therefore maintains its ffee-space omni­
directional characteristics, 6 ^  is equivalent to the lit-region breakpoint angle since it defines 
the attachment points that distinguish tlie observation points into the lit and the shadow region.
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Consequently, according to these ideal conditions, as tlie arguments o f 0^ remain smaller than 
0^ ,  the observation points lie within the lit region and decay coefficient is expected to have 
low aritlimetic value, whereas as die argument o f 0^ becomes bigger than 0^ j  ^ the obseiwation
points lie witliin tlie shadow region and severe signal strengtli degradation is likely to be 
obser\'ed.
It is apparent from tlie geometry of Figure 5-4, that 0^^ can be expressed in terms o f the 
distance p  and die equivalent body radius R  as follows
é»^(p) = a r c c o s f --^ l
+  p  J
(5.5)
Which implies diat as the body moves away from the transmitter die lit-region breakpoint angle
increases. The maximum value of 0^^ is therefore found as
max {arg [6^  )} = lim (p ) - (5.6)
Previous analysis is usefiil in detennining die theoretical bound of die ideal breakpoint location 
in any BAP channel. In order to investigate whether die ideal conditions are still valid when the 
receiver is mounted on die body, additional measurements were conducted, in which the body is 
rotated around die vertical axis z from 0° to 90** in 15” steps, so that die antemia remains at the 
same position O,. Using this method, the LoS link is maintained and the effects diat different 
body positions have on the antenna omni-directional pattern can be extracted.
— Ant enna rotation in free sp ace  
— 1— A ntenna rotation around O.
:.3i
-10
- 12.
Figure 5-5. Relative loss with respect to the azimuth angle for both free space and on-body scenarios.
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Measmemeuts for this scenario were carried out at a distance of 3 meters, where Equation(5.6) is 
valid. The results obtained are illustrated in Figure 5-5. It is apparent that channel degradation is 
observed at approximately 60*^  and not at 90“ as ideal conditions impose. This is an indication that 
the maximum value o f tire breakpoint angle is not given by Equation(5.6) but as we will see 
in the next section it is bourrded to approximately 60“ by an exponential increase expression.
5.5 Parameterization and Results
Based on tire measured data aird following the analysis o f tire previous section, statistical 
parameters for the proposed path loss model as expressed in Equations (5.2) and (5,4) are 
obtained. Similarly to tire post-processing steps referred in [114], in order to model the path-loss 
for all BAP scenarios, straight lines corresponding to different body regions are fitted to the 
measurement data, and each one denotes an exponential decay in linear power. Using the 
nreasured complex frequency response data, the empirical path loss, is es tinrated at any point
( p ,  ) by performing tire followiirg on [115]
(5.7)
where N is the number of frequency tones used dm in g the measurements, M is tire number of 
frequency-response snapshots collected at each point and G  represents the gain of individual 
frequency points. Parameters Z.q and are esthrrated by minimizing the mean square error 
between tlreoretical aird empirical data, by using the least square fitting procedure.
Figure 5-6 illustrates lit-region breakpoint angle variations, with respect to distairce. The 
presented result suggests that 9Al increases exponentially as the radial distance between the access 
point aird the on-body antenna iircreases. Mathematically this model is expressed as follows
(5.8)
where deirotes the tlrreshold value of the first breakpoint angle, and R
(i? =15 cm), represents the average radius o f tire human bodies used in our measuremeirts. 
Parameter k  has a constant aritlrmetic value (A: =  0.45) . It is apparent from Equation(5.8) that
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when the ratio becomes equal to j , the lit-region breakpoint angle rises to 37% of its
final value. Consequently, when becomes equal to five times tire inverse ofÆ, <9^  ^ will
have essentially risen to its final value 9 j . Mathematically the above condition is represented as 
follows
5R 
p = ^ = p f (5.9)
Consequently, it is defined tliat at any distance smaller than ^ytlie body is in the far field of tlie 
access point, whereas for smaller distances tlie body will be assumed to be in the AP near field.
60
O  Empirical data 
 Exponsnllal Fit
Figure 5-6, Lit region breakpoint angle with respect to the ratio of distance p  to the body radius R .
Anotlier important model parameter is tlie azimuth decay coefficient . Data analysis suggests
that for the fiont and tlie back o f the body, channel degradation can be assumed negligible. 
However, the side decay coefficient has a iaige value as expected. Tliis evident reflects the fact 
that when the on-body antenna enters tlie shadow region, signal strength suffers severe 
degradation due to creeping wave propagation around the body. Fiutliermore, it is important to 
notice that w^was found independent o f distance for the vase of the anechoic chamber 
environment. However, it will be shown in the next chapter that tliis is not the general case when 
considering indoor off-body chaimels.
According to tlie above analysis and without loss o f accuracy, Equation (5.3) can be simplified 
as follows
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0
19.3
, 0 ^ A S { P ) ^ ^ A ^ ^
(5.10)
To complete the parameter modelling description, it is important to mention that the radial decay 
coefficient AT^was found approximately 1,8 dB/m, Z.(,(po)was found to be -38 dB and finally 
tlie shadow region breakpoint point angle was foimd to have a mean value o f 139.3®.
Figure 5-7 compares the empirical path-loss values to tlie proposed model, which is based on the 
presented parameterization. The results suggest that tlie proposed model provides adequate path- 
loss predictions and can adequately describe tlie pure UWB-BAP channel.
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Figure 5-7. Path-loss as a function of the body orientation angle. Symbols represent the average 
empirical data whereas solid lines represent theoretical values based on the proposed model.
5.6 Summary
A new approach has been presented, for modeling the UWB off-body communication channel. 
Measurements were carried out in an anechoic chamber in order to evaluate tlie pure body to 
access point UWB channel. A dual breakpoint model seems to adequately describe the path loss 
trend with respect to botli distance and body orientation. The breakpoint angles divide the body 
into different regions, each one having different characteristics. New channel parameters have 
been defined and estimated by means of curve and least squares fitting analysis. Results have 
shown tliat channel degradation is severe at tlie side of the body whereas path loss remains almost
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constant at the front and the back. The proposed model can be used for modeling indoor sparse 
UWB-BAP channels. Following that the presented modeling method is general, model parameters 
can be used as a criterion for characterization o f respective indoor multipath channels, which are 
evaluated in the following chapter.
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Chapter 6
6 The UWB Indoor Off-body Propagation 
Channel
This chapter presents an empirical-statistical model for UWB off-body communication indoor 
channels. The presented results are the outcome o f extensive real-body measurements earned out 
in the liequency range between 3.5 GHz and 6.5 GHz in typical indoor environments. The signal 
power gain is modeled by a /og-linear dual-breakpoint model, tlie parameters o f which depend on 
both the body orientation as well as the distance between the transmitter and the on-body sensor. 
The general trend implies Üiat in large distances, the received signal strength is less sensitive to 
changes in the body orientation angle, especially if propagation occurs in dense multipath 
environments. Furthermore, tlie small-scale channel variations of the total received signal strength 
are found to follow a normal distribution. This fact is verified by means of the Central Limit 
Theorem (CLT), since correlation between multipath components was found to be negligible. 
Moreover, time dispersion analysis is provided by means of characterizing the RMS delay spread 
of the channel. Finally, based on tlie newly estimated parameters, a model implementation for 
wideband power is proposed and several comparisons between the empirical data and the 
simulation results are presented.
6.1 Introduction
In the previous chapter, a novel path-loss model for UWB off-body propagation has been 
proposed. However, tliis model is based on measurements conducted in an anechoic chamber and 
altliough it depicts die main characteristics o f the pure UWB off-body channel, it cannot be used 
for received signal stiengdi predictions in indoor environments. In order to generalize die 
modeling approach in real indoor environments, a generic empirical-statistical methodology has 
been developed, which describes the large-scale, the small-scale and the time dispersions 
characteristics o f UWB off-body propagation channels. Furthermore, die study presented in diis 
chapter is based on measurements carried out in two different types o f indoor eiiviromnents: a 
corridor and an office room.
High-level link-budget approximations are feasible, based on die path-loss and time-dispersion
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analysis described in this work. Furtlierinore, the presented wideband power model is a useful tool 
that could be used in simulating die PDF of off-body communication channels, an approach that is 
described in Chapter 7. Finally, the physical insights provided as far as the UWB off-body 
channel structure is concerned, can be used by oüier researchers investigating similar propagation 
environments.
In the remainder o f this chapter, a brief description of the indoor environments that measured is 
presented. Furthennore, a gradual model development for large and small-scale signal variations 
is demonstrated. In addition, time dispersion analysis is presented by investigating die RMS delay 
spread o f the recorded profiles. Finally, all the newly estimated parameters are combined in an 
implementation of the total power gain model. This chapter is based on the findings of [116].
6.2 Measurement Apparatus
It has been mentioned previously, diat main goal of this work is to provide an accurate model 
which is capable o f describing large and small scale variations of the total received signal strength 
and the RMS delay spread, with respect to both the distance p  between the transmitter and die on- 
body sensor, and die body orientation angle. Measurements were held in the range from 0.2m-6m, 
which is in consistence some odier personal area measmement campaigis such as the one 
provided in [117].
Similar ly to die anechoic chamber measurements, die UWB off-body indoor channel was studied 
using a VNA in the frequency range from 3.5 GHz to 6.5 GHz. The equipment used is the same as 
die one described in chapter 5. By means of later off-line processing, die frequency recorded 
profiles were inverse Fourier-transformed to produce complex samples of die channel IR. As die 
measured bandwiddi was 3 GHz, the time resolution of the system defined as the interval between 
two successful time samples, can be derived by taking the inverse of the transmitting bandwiddi. 
Therefore, the resolution o f die presented measurement set-up was approximately 0.33 ns.
The measurements carried out in diis work were divided into two separate categories. The first 
category corresponds to large-scale measurements which describe the total received signal power 
with respect to both azimutii and radial directions. Therefore, for the office environment, 
measurements were conducted according to the analysis presented in die previous chapter. Radial 
measurements were conducted along the routes (T%-A, T^-B, T^-C, and T%-D) of die office room 
that are demonstrated in Figure 6-1 and were caiTied out in steps of 40 cm from 0.2 to 6m. 
Furthermore, azimudi measurements were performed in steps of 20®. Similar measurements were 
performed in a corridor with widdi 1.44 m, outside the room. For each of die measured distances, 
both die transmitting antenna and the human body were placed in the middle of die corridor.
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The second category describes the small-scale variations of the signal strength under the 
assumption that the path-loss remains constant over a 6x6 square grid. In the presented 
measurement set-up, the point separation within the same grid was 4.25cm. The separation 
between the measured points corresponds to half the wavelength at the lowest frequency of 
interest (3.5 GHz). This allows independent fading at all measured frequencies in an area small 
enough where the large-scale parameters are assumed to be identical [96]. Grid measurements 
were performed at seven locations of a typical office room illustrated in Figure 6-1. As the 
channel parameters at a certain distance depend on the receiver position in the azimuth direction, 
measurements at each point o f a grid were repeated for three representative body orientation 
angles, (0®, 90® and 180°) corresponding to the front, the side and the back region of the body 
respectively.
W indow
*  M etallic
Closet P artition
*  W ooden  sep ara tio n
6 . .2m
7 5m
Figure 6-1. Large and small-scale measurement routes in the office room. Straight lines and grids 
demonstrate the large and the small-scale fading measurements respectively. At each of the measured 
grids, the large-scale fading is assumed constant and the small-scale fading effects are investigated 
with respect to the average path-loss value, in a manner similar to the one described in the previous 
paragraph.
6.3 The Large-scale Channel Model
The results obtained from measurements in the anechoic chamber, have revealed tliat the large- 
scale signal variations depend on both the distance p  between the receiver and the transmitter
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and the body orientation angle 0^.  Analysis o f the recorded profiles has also shown tliat tliis
dependency is maintained for indoor environments. However, in order take into account tlie effect 
of the indoor scattering, numerous modifications are required to die pure UWB-BAP model. More 
specifically, contrary to the anechoic chamber observations, the decay coefficient towards the 
azimuth direction, as well as the shadow region breakpoint angle are bodi initially assumed 
distant-dependent. Tlierefore, tlie mean total power gain formulation should be expressed as 
follows
L(6 .u )-  «S -  ^ .41 (p )] {p) ^AS (p ) (6.1)
L { d A s ) - ^ b  [p )[^A  -^A S  ( p ) ]  ^AS ^ ^ A ^ ^
In the next paragraphs, each of the parameters given in Equation (6.1) will be explained and 
studied separately so diat a comprehensive cliamiel characterization is provided.
6.3.1 Path-loss towards the radial direction
The radial direction is defined as die line segment connecting the transmitter and the on-body 
antenna. The path-loss towards the radial direction is given by Zg ( p )  and is modeled using 
Equation (5.4). The radial decay coefficient (path-loss exponent) was estimated using the
linear least-square fit method and it was found 1.8 and 1.9 for the corridor and the office 
environments respectively. These values are similar to the ones presented in [118] -Cassioli 
model-, [115] -Ghassemzadeh model- and [119] -  IEEE 802.15.4a model-, for indoor 
environments. The values of diese models are summarized in Table 6-1.
Table 6-1. Path-loss exponents towards the radial direction for various UWB models.
Models Cassioli Ghassemzadeh IEEE 802.15.4a
Exponent 2.04 1.7 1.63
The observed similarity is expected, since the radial decay coefficient o f tlie off-body channel 
corresponds to the distance power law at an angle of 0®, where the effects of tlie body propagation 
mechanisms are negligible. Finally, it is important to mention tliat tlie empirical path-loss for each 
of the measured profiles is given by Equation (5.7).
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6.3.2 Path-loss towards the azimuth direction
As mentioned earlier, at each of the measured points, the received signal fluctuates with respect 
to the azimuth angle .This variation is described by using the azimuth decay coefficients 7?^,
and that correspond to the front, die side and the back regions of the body respectively.
Figure 6-2 and Figure 6-3, illustrate the variation of the azimuth decay coefficient with respect to 
T-R distance, for both tlie office and tlie corridor environments. It is apparent from die presented 
figures, that the azimuth decay coefficient is almost independent of the distance p  when the on- 
body sensor lies in the front and die back side of the body respectively. Therefore, Pj and can
be represented by scalai values that do not vary as die body orientation angle 0^ increases. 
However, it is evident that when the on-body node lies in-between the two critical angles -side of 
die body- , the values o f the azimudi decay coefficient 77^ , are lower for lai ger transmitter-receiver 
separations. A plausible fit to the data is a generalized exponential model o f die fomi
77g = + 77,e'‘ (6.2)
The arithmetic values of the constants given in Equation (6.2) are given in Table 6-2 for all indoor 
environments and are part o f the Complementary Channel Parameters (CCP). The rest o f the 
parameters depicted in Table I will be explained in the following paragraphs.
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Figure 6-2. Azimuth decay coefficient as a function of distance p  -  corridor.
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Figure 6-3. Âziiiiutli decay coefficient as a function of distance p  -  office room.
A smaller value of indicates a lower decay rate versus angle, implying tliat in general, the 
azimuth angle has less o f an impact at larger distances. This agrees with intuition since as the 
distance between tlie transmitter and the on-body antenna increases, reflections from indoor 
objects have a dominant influence on the total signal strength when compared to the creeping 
wave paths propagating around tlie body.
It has also been observed that as expected, in the office room effects o f the indoor environment 
on the received signal strength are more significant tlian those caused by a low-dense enviromnent 
such as the corridor. More specifically, it is apparent from the presented figures that has larger
values in the corridor. In contrast, it has already been shown that in tlie anechoic chamber where 
no multipath contributions exist, tlie side azimutii decay coefficient is actually independent of the 
antenna separation.
6.3.3 Modeling of the critical angles
Critical angles 6^ :^ ^as denote the arithmetic value of the body orientation angle 0^ , for
which transition occurs from tlie fr ont to the side and from tlie side to the back area of the body 
respectively. It has been shown previously, that for anechoic chamber measurements tlie first 
breakpoint angle 6^^ follows a bounded exponential law with respect to die distance p . The
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tliresliold value (-58®) o f this model follows tiie value at which the antemia radiation pattern 
distortion starts influencing the received signal, at approximately the same angle (~60”).
However, analysis o f the measured indoor profiles indicates that for off-body indoor 
propagation channels, the lit-region breakpoint angle increases with distance. The variations of 
^AL t)e adequately described by tlie following model
= (6-3)
As far as concern the shadow region critical angle 9^^ , it was found to follow a linear decay with 
respect to the antemia separation. Therefore, it can be approximated by applying least square fit 
analysis. Matliematically, can be expressed as follows
(6.4)
The Complementary Channel Parameters (CCP) corresponding to the above equation are given in 
Table 6-2.
The dependency of the breakpoint angle 9^ j  ^with distance is given in Figure 6-4 for tlie corridor
and the office environments respectively. In addition. Figure 6-5 depicts variations of the shadow 
region breakpoint angles as tlie body moves away from the transmitter. It has to be noticed that 
die presented empirical values of die critical angles, are average values. The standard deviation of 
both critical angles in both tlie office and die corridor environments is given in Table
6-3.
Physically, die variations o f die breakpoint angles with distance can be interpreted by the 
additive effect that indoor scatterers have to die total signal strengdi. As mentioned previously, 
due to this property, the azimudi decay coefficient that conesponds to the side of die body, is less 
sensitive to changes in the body orientation angle, as the body moves away from the transmitter. 
Furdiermore, the lit region breakpoint angle 9 ^  increases and die shadow region breakpoint
angle decreases widi antenna separation. This means that the side of the body cannot be
practically defined for large T-R distances. Theoretically, this should happen when 9^^,which
decays more rapidly than the rate diat 9 ^  increases, is equal to 90”. It is apparent from Table 6-2
and Equation (6.4) that diis happens at approximately at approximately 10 m for die office, and at 
14 m for the corridor environments.
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Figure 6-4. Lit-region breakpoint angle as a function of distance for both the office and the corridor
environments.
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Figure 6-5. Lit-region breakpoint angle as a function of distinice for both the office and the corridor
environments.
Ill addition, taking into consideration tlie fact tliat tlie front and the back decay coefficients have 
similar values, no clear separation between different body areas will be observed and therefore at 
large distances, the signal will be almost insensitive to the body orientation angle 0^, Practically,
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this is a consequence of the fact tliat the indoor propagation dominate over tlie creeping wave 
propagation around tlie body.
Table 6-2. A list of Complementary Channel Parameters (CCP) for the UWB-BAP indoor channel.
Complementary
Channel
Parameters Corridor
Office
Qo (Deg) 49.9 38.9
bo (Deg/'m) 0.03 0.01
Co (Deg) 50.75 38.09
do (Deg/m) -3.3 -2.88
k; (Deg) 140 150
kz (Deg/m) -3.5 -5.8
H j (dB'f fld) -0.03 -1.98
Ilo (dB/rad) 8.8 5
n;(dB/md'm) 0.03 0.06
II2 (dB/rad) 14.86 12.27
ns (dB/rad/in) -2.54 -0.94
(dB/rerf) -0.5 -1
Table 6-2 gives tlie parameters tliat should be used when modeling the total power gain o f the 
received signal. Parameters die constants used in the general exponential model that
describes die dependency of lit-region breakpoint angle with distance. Parameters /r, and 
are the coefficients o f the straight line which is used in modeling the variations of the sliadow- 
region breakpoint angle with distance. Furdiermore, should be used in die general
exponential models diat evaluates die dependency of the side decay coefficient , with respect to 
distance. Finally, and are constant values that describe the front and the side decay 
coefficients respectively.
A schematic representation diat clarifies die presented large-scale model is provided in Figure 
6-6. Please note diat in this figure, die padi-loss axis is considered having negative values. The 
major pammeters of the model {nf,n^,njj,G^j^,G^)  aie depicted and die variation o f the 
wideband power gain with respect to the radial and azimudi directions is illustrated. It is apparent.
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that for small antenna separations, the side decay coefficient has large values, imposing severe 
signal degradation of the received signal in the azimuth direction. Furthermore, it should be 
mentioned tliat for very small arguments o f p  (on-body channels, «  0 ), the presented model 
reduces to a pure exponential decay model, tlie side decay coefficient is expected to take its 
largest value and tlie lit region breakpoint angle 9 vanishes [4].
B ody orientation angle ^(Degrees)
Figure 6-6. A schematic representation of the proposed model.
6.4 The Small-scale Statistics
In order to evaluate the small-scale power gain statistics, tlie large scale variations were removed 
and empirical data collected from grid measurements were analyzed as random variables. Fading 
was investigated witli respect to the total signal power and not for each tap (bin) separately, siuce 
the aim of tliis work is to give an accurate model o f the total signal power variations. Furthermore, 
for each set of measurements tlie grid was placed between 3-6 m away from the transmitter, so 
that tlie large scale variations be negligible. Fading at each spatial point was studied for a 
representative point of the front (0®), the side (90*^ ) and the back (180”) area o f the body. Taking 
into consideration tlie differences in power delay profiles at the different points of the grid, the 
total power gain can be expressed as
^ P ( T O T )  ) (6.5)
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where is Random Variable (RV) tliat describes the small-scale received signal variations
around the mean total power gain, and index P is represented by eitlier F,S or B tliat 
correspond to the front, side and back area o f tlie body respectively.
Variations over tlie measurement grid are considered as stochastic [26], and several probability 
distributions were applied (Gamma, Nomial, Log-Normal, Rayleigh, and Rice), in order to match 
tlie empirical data. Similarly to [30], the Kolmogorov-Smirnov (K-S) hypothesis test was used, to 
determine tlie goodness o f fit o f tliese distributions at 5% significance level. Results indicate that 
among all candidate models, tlie normal distribution provides tlie highest passing rate and satisfies 
the K-S test for all the measured grids. In Figure 6-7-Figure 6-9, the distribution of Sp^jgj^ and
die close fit of the normal distribution corresponding to the front, side and back of the body are 
shown. It also has to be mentioned that for all body positions, has a mean o f 1 as
expected, and its standard deviation varies between 0.13 and 0.15, an observation which is in 
accordance witli tlie fact that UWB signals maintain their quality in dense multipath 
enviromnents.
Table 6-3. Standard deviation of lit and sliadow-region critical angles.
Critical angle Lit-region critical angle Sliadow-region critical angle
Environment Corridor Office Corridor Office
Standard deriation 1.35 1.44 2.53 3.92
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Empirical values 
Normal fit0.9
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Figure 6-7. Fading distribution of the total received signal around the mean total power gain for the
front of the body.
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Figure 6-8, Fading distribution of the total received signal around the mean total power gain for the
side of the body.
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Figure 6-9. Fading distribution of the total received signal around the mean total power gain for the
back of the body.
Physically, the adequate match of the normal distribution to the empirical data can be explained 
taking into consideration the Central Limit Theorem (CLT) [120]. Application o f tliis theorem to 
our data implies that although power gains in individual bins might follow different distributions 
[118], the sum of tlie gains o f all bins which represents the total power gain, follow a noimal 
distribution, only if no correlation is observed between adjacent bins o f the same profile.
Therefore, in order to validate the observed normal fit tlirough the use of CLT, we evaluated the 
correlation among the power gains o f multipath components arriving at different excess delays. 
The correlation coefficient is given by the following expression
E { [ G , - E { G , ) - \ [ G .n - m „ ) ' \ }
^E{{G,-E(G,)ŸE{(G„-E(GJŸ (6.6)
where f  ) denotes expectation, whereas G, and represent the Z-thand the m -thbin
respectively. Evaluation of empirical data showed that correlation has low values for all body 
positions. This observation is consistent witli other UWB experimental campaigns [118], [103], 
where low temporal correlation coefficients were observed. Furthermore, tliis finding is illustrated 
ill Figure 6-10-Figure 6-12, for all different body regions.
101
Chapter 6. The UWB Indoor Off-body Propagation Channel
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
"Correlation coefficient -Front
\ i.V
1 5 6 7
Bin number
10
Figure 6-10. Temporal correlation coefficient for the front of the body.
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Figure 6-11. Temporal correlation coefficient for the side of the body.
102
Chapter 6. The UWB Indoor Off-body Propasofion Channel
1
0.9 
0,8 
0.7 
0.6 
o f  0.5  
0.4 
0.3 
0.2 
0.1 
0
; ; •
\  !■ " n . . . .. . . .
. . . . i . . . . . !
V ;  i : i ; i iI . . . . ! : ! : i i :
! 11 5 6
Bin number
10
Figure 6-12. Temporal correlation coeflicient for the back of the body.
6.5 Wideband Power Model Implementation
In order to validate the proposed model, we a computer program was written, capable of 
simulating the power gain variations in UWB-BAP channels, for every possible value of p  and
9^ in both environments. The process begins by using gradually Equation (5.7) and Equations
(6.2)-(6.4) for distances 0.2m-3m, and Equations (6.2)-(6.5) for 3m-6m. Furthermore, the 
appropriate complementary parameters that correspond to each individual body region were 
applied as given in Table 6-2. Parameter , was modeled as a Gaussian distributed random
variable with mean 1 and standard deviation 0.13, 0.14 and 0.15 for the front, the side and the 
back region of the body respectively..
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Figure 6-13. Measured and simulated total power gain for the corridor environment. Symbols 
represent the empirical data and solid lines represent theoretical data based on the proposed model.
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Figure 6-14. Measured and simulated total power gain for the office environment. Symbols represent 
the empirical data and solid lines represent theoretical data based on tlie proposed model.
The boundaries of these areas are defined by tire lit and the shadow-region breakpoint angles, as 
they are both given by Equations (6.3) and (6.4) respectively. Finally, all channel parameters are
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imported in Equation(6.1), the arithmetic values of which are the output of the simulation 
procedure.
In Figure 6-13 and Figure 6-14, tlie proposed model is compared to the measured data for the 
corridor and tlie office environment respectively. The presented results suggest that tlie derived 
parameters and the implementation of tlie presented model can sufficiently predict tlie power gaiu 
variations of UWB-BAP coimmuiication channels.
Finally, in Figure 6-15 tlie newly estimated modeling parameters are applied to the 
measurements earned out in the office room at a distance of 4.5 m. It is apparent tliat the addition 
of fading around the mean patli-loss compensates for any, even trivial discrepancies that could be 
observed between tlie measured profiles and the presented large-scale channel model.
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Figure 6-15. Measured and simulated power gaiu of the total received signal at p=4.5 m. Fading 
around the mean trend is illnsti ated.
6.6 Time Dispersion Analysis
Time dispersion is usually investigated in terms o f the RMS Delay Spread, t, which is tlie square 
root of the second central moment o f tlie power delay profile. Delay spread is a good measure of 
multipath spread and it presents an indication o f the potential for inter-symbol interference. 
Formulation o f time dispersion parameters can be found is given in Chapter 2.
The CDF of RMS delay spread over all radial and azimutii locations is depicted in Figure 6-16, 
Similarly to [49], all multipath components witliin 20 dB of the maximum were included in the
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delay spread analysis. The presented results have been derived from measurements in both 
environments -office and corridor- and they are compared with measurements carried out in an 
anechoic chamber.
o  Emp. Data (chamber)
 Model (chamber)
Emp. Data (corridor) 
Model (corridor)
□  Emp. Data (office) 
 Model (office)
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Figure 6-16. Distributions of RMS delay spread in three environments for all radial and azimuth
directions.
Results illustrate that the RMS delay is exponentially distributed in the anechoic and corridor 
environments with means 2.8 ns and 6.17 ns respectively, whereas it is normally distributed in the 
office environment. The exponential distribution implies high concentration of power at small 
excess delays but it also implies tliat concentration o f power in large excess delays might also be 
observed, although rarely. On the other hand, the normal distribution implies tliat delay spread is 
evenly distributed around the mean (6.7 ns) with a standard deviation of 3.8. Physical 
interpretation of the above findings, validate the fact tliat strong echoes (relative to tlie strongest 
path) widi long delays contr ibute significantly to the channel delay spread [121].
Tliis phenomenon becomes more apparent in Figure 6-17 where the RMS delay spread is plotted 
with respect to 6^  ^ averaged over all antenna separations In that case we denote RMS delay
spread by . Due to tlie dense multipath environment, is bigger in the office room compared
to the corridor. However tliis is valid for small and medium arguments o f the body orientation 
angle. As the on-body sensor enters the deep shadow region of the transmitter (back of the body), 
it is shown tliat values o f delay spread are bigger in the corridor compared to the office. This is 
due to tlie fact that in the office room, tlie MFCs that result from the scattering objects behind the
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user have a dominatit influence coinpaied to the MFCs accruing from creeping wave propagation 
around the body. On the otlier hand, in the corridor and the anechoic environments there are no 
objects behind tlie user and paths arriving at different excess delays have comparable power gains, 
because the arriving patlis diffract around the body before tliey reach tlie receiver side, altliough 
they might have different origins (i.e. lateral wall, ceiling or ground reflections). Therefore, this 
phenomenon causes large multipath spread.
— e — ■ Chamber 
• • • *■•  Corridor 
— a -  Office
Î
80 100 (Degrees) 120 140 180160
Figure 6-17. Scatter plot of RMS delay spread averaged over all distances, for all body orientation
angels and tj’pes of environment.
Figure 6-18 depicts average PDFs for the back region of the body for both tlie corridor and the 
office environments. The propagation delay has been removed in order to derive the spread of the 
multipath components after the first arriving path. It is apparent tliat the gains of the MFCs are 
more evenly spread in the corridor environment, which verifies the analysis presented in the 
previous paragraph.
Anotlier important aspect o f tlie channel is the variation of RMS delay spread with respect to 
distance. In general, it slightly increases with anterma separation for the front and the side body 
region, for both measured environments. However, when tlie receiver is in the deep shadow 
region, the delay spread increases in the corridor but decreases in tlie office room. Tliis 
observation is in accordance witli tlie effect of scattering by objects behind the user on both 
environments, described earlier.
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Figure 6-18. Average PDFs for the corridor and the office environments- Back of tl»e body.
Figure 6-19 depicts the dependency o f RMS delay spread with distance, for representative values 
of Hie orientation angle, coixesponding to die front, side and back region o f the body respectively.
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Figure 6-19. RMS delay spread with respect to distance for the office room -left figure- and for the
corridor -right figure-.
6.7 Summary
A new approach for modeling the UWB indoor off-body communication channels has been 
proposed. Based on extensive measurements carried out in low and high dense multipath 
environments the channel parameters have been extracted. The four basic large-scale channel 
parameters are found to be the radial paüi loss, the azimuth decay coefficient and die lit and 
shadow-region critical angles. It is shown that die front and die back azimuth decay coefficient
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eau be considered independent of distance, whereas tlie azimuth decay coefficient has lower 
values at large distances. Furthermore, 0 ^   ^increases and 0^^ decrease with antenna separation,
making the effect of the side region less significant. Therefore, the presented results imply that the 
body orientation has a more significant impact in the received power, at shorter distances rather 
than at longer distances. This fact is more evident in dense multipatli environments, where 
multipath contributions from scattering objects have a strong impact on tlie total signal strengtli.
Tlie small-scale fading of the total received signal power was found to follow a normal 
distribution. Although the fading effects were mostly investigated for the office environments, 
similar results were obtained by measuring an exemplary grid in the corridor. Analysis also 
suggests that the correlation among the power gains of multipath components arriving at different 
excess delays is negligible, and therefore, fading distributions o f the total channel gain satisfies 
the CLT. Furthermore, investigation o f RMS delay spread highlights once more tlie important 
effect that indoor wave propagation has on UWB-BAP channels, since RMS delay spread is 
exponentially distributed for the corridor and the anechoic chamber environment, whereas its 
normal fit is maintained for tlie office environment.
Based on the findings described above, a model implementation of tlie received signal power is 
provided and the presented model is validated by means of comparison with the empirical data. 
The values extracted in tliis campaign are specific to tlie particular antennas and environments 
described. However, tlie methodology is general and can be easily reproduced when modelling 
similar environments.
Modelling of tlie signal strength distribution is a necessary tool for channel PDF simulation. It 
will be shown in the next chapter, tliat piecing together tlie power gain model presented here-in 
with some otlier important PDF parameters such as decay coefficient, patli-occurrence 
probabilities, individual bin fading, and number of existing clusters, the UWB off-body 
propagation channel can be successfully simulated and evaluated.
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Chapter 7
7 Power Delay Profile Modelling for UWB 
Off- body Propagation
This chapter presents a statistical Power Delay Profile (PDF) model for the evaluation and design 
o f Ultra Wideband (UWB) off-body communication systems. The analysis is based on real-body 
measurements carried out in an office environment. Tlie characteristics o f the environment as 
well as the measurement procedure is identical to tlie one presented in Chapter 6. Due to the 
dependence of the radio propagation channel on the body region (i.e. front, side and back), 
separate stochastic tapped-delay-line models are gradually developed, for each body region. 
Based on the newly estimated painmeters, channel simulation methods are provided for each of 
die proposed models. Finally, several comparisons between the empirical data and tlie simulations 
results are presented, by means o f key properties o f the recorded PDF profiles.
7.1 Introduction
In tliis chapter, a channel model resulting from the statistical analysis of an UWB olT-body 
propagation experiment is provided. The approach is based on the investigation o f the statistical 
properties o f the multipath profiles collected in a typical office room. The data is analyzed for all 
possible body postures (front, side and back) in accordance witli the analysis presented in for on- 
body channels. In the presented work, the Multipath Intensity Profiles (MIP) [122] are modelled 
in a straightforward manner, by treating each measured profile individually. We call tliis approach 
tlie MÏP-PDP inetliod. Tliis is a different approach from the one followed in [118], where the 
Small-Scale Averaged (SSA)-PDP is first evaluated and tlien the MIP result by superimposing tlie 
fading distr ibution at each delay bin. We define lliis second approach as the SSA-PDP witli fading 
superposition method. The advantage of tlie proposed methodology is that it makes a better use of 
tlie measurement data. For instance, in order to generate a specific number o f N  local PDF’s tlie 
presented method assigns N  channel parameters (e.g. N decay coefficient values, N  power ratio 
values e.t.c.), derived from the stochastic fluctuations followed by each parameter. In the 
presented model, die small-scale variations are replaced by a noise-like variation around die 
power decay law followed by each of the collected profiles.
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On tlie otlier band, using the methodology presented in [118], the average value o f each channel 
parameter is used in order to simulate the SSA-PDP profile, and the small-scale fading is 
responsible for simulating tlie deviation of each profile around tlie mean. Althougli this method 
captures well tlie fading characteristics of tlie channel, it will be shown that it cannot accurately 
represent its time dispersion characteristics due to fact that all profiles are based on the same 
decay coefficient.
In the remainder of this chapter, statistical models are gradually developed for tlie front, the side 
and tlie back regions o f tlie body respectively. Furthermore, simulated results based on the 
proposed MIP-PDP approach are presented and are then compared to tlie empirical data as well as 
to the SSA-PDP with fading superposition method. The work presented in this chapter is based on 
tlie findings of [123].
7.2 Synthetic PDP Modelling For the Front Region of the Body
It has been already mentioned, that during tlie modeling process each profile was treated 
individually. Namely, each PDP was constructed step by step by introducing parameters that 
describe the collected local profiles that belong in constant patli-loss grids. In order to accomplish 
such a task one needs to deepen in the mechanisms that contribute in the general characteristics of 
a random channel IR profile, when the body is located at a distance p  away from the transmitter. 
The parameters that need to be defined for PDP simulation according to our model are the 
probability o f bin occupancy, the profile decay coefficient and the small-scale effects that describe 
the variations around tlie profile decay law. In tlie following sections each of the above 
parameters is modeled separately and then tlie resulting parameterization is used for PDP 
simulations of tlie front body area.
7.2.1 Probability of bin occupancy
It is well known tiiat the Bernoulli RV can take the values 1 and 0 and is used to classify the 
outcome o f an experiment as success or failure [109]. In tliis work, this concept is used in order to 
describe whether or not \he j~th delay bin is occupied. Namely, when the power gain of a bin is 
bigger or equal to tlie noise tlireshold corresponding to the profile under investigation, =  1
whereas in any otlier case, X p  (y) =  0 . This tlireshold was set to be 6 dB above the noise 
thiesliold and this was determined by averaging tlie power gain o f all bins from the portion of 
PDP that was measured before tlie first Multipath Component (MPC) arrives. Fuitlieimore, the
mean value of the Bernoulli RV X p  (y ) is just the probability that the tr ial will be a success
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^  (v ) — (v ) (7-1)
The probability tliat the /- th  bin is occupied for the front region o f the body was
estimated from tlie empirical data by means o f regression analysis and was found to follow the 
expression below
PAJ) = 1Q 9^-0-030 -3) y > 3 (7.2)
In Figure 7-1, Üie empirical path occuiTence probabilities and the model given in Equation(7.2) 
are illustrated
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Figure 7-1. Empirical and modelled path occurrence probabilities -Front of the body.
7,2.2 MIP decay law
It is reported in literature [124] that in some environments, most notably in industrial 
environments, the first patli o f each cluster carries a larger mean energy than what would be 
expected from an exponential profile. Similar observations have been made for laboratory offices 
and buildings in [118], where the authors model the first arriving path separately from the 
subsequent paths in a single cluster realization o f the channel impulse response. Those subsequent 
patlis are then estimated by implementing an exponential decay model starting from the second 
delay bin. In [118], tliis fact has been validated even when the LoS link is obstructed.
After analysis o f the collected profiles, it was concluded tliat a similar modeling approach with 
some slight modifications should be applied in the front UWB off-body cliamiels. It has also been
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observed tliat a single cluster approach adequately describes this particular- propagation scenario. 
Therefore, an exponential power decay parameter was assigned at each individual profile, and 
since exponential decay starts from the second delay bin, the relative gain of the second path of 
tlie profile was also expressed with respect to tlie first path, as Tp . Parameters Vp and Xp were 
found to follow tlie Weibull distribution with scale parameters 0.42 and 0.2 and shape parameters 
1.75 and 2.79 respectively. For clarity these parameters can be presented as ~  w6/(0.42,175) 
and Ap ~  wè/(0.2,2,79). Figure 7-2 and Figure 7-3 illustrate the adequate Weibull fit to the 
empirical values of Xp and Vp respectively.
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Figure 7-2. Empirical and Weibull CDF for tlie front decay coefficient.^^
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Figure 7-3. Empirical and Weibull CDF for the front power ratio Tp.
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7.2.3 Small-scale effects
It is apparent that in a controlled environment (i.e. in an auechoic chamber), when the distance 
between the transmitter and the receiver does not change significantly, tlie PDP remains constant. 
However, in object-dominated enviromnents such as in an office room, changes o f tlie PDP are 
observed with small changes of the receiver position. This phenomenon occurs for instance when 
the body is moved over tlie measurement grid witliin tlie room and is primarily caused due to 
constructive and destructive interference o f multipath components that arrive at the receiver at the 
same time. This is tlie reasoning behind treating profile parameters such as the decay coefficient 
and the delay bin occupancy as stochastic, since due to fading, these parameters have different 
values for each recorded PDP group tliat belongs in tlie same measurement grid.
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Figure 7-4. Nakagaini-m parameters with respect to the bin number, for the front of the body.
An additional profile property is that the power of indiiddual MPCs deviates randomly from the 
standard exponential decay law, a deviation tliat should be statistically described for accurate 
channel representation. This effect was studied separately for each bin and after comparing 
several distributions, it was found tliat for the front o f tlie body (i. e. for =0®) it can be
described by a Gaimna distribution. Tliis finding resulted from applying both the K-S test and the 
Mean Square Error test over all tlie recorded giid data. The latter was used as in many cases the 
K-S test implied that more than one distribution could fit the measured data. The results o f botli 
tests for all body regions are depicted in Table 7-1.
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Table 7-1. K-S and MSE test results for the fading distribution of individual bins over all body
regions.
Distribution
Front Side
Back 
(Diffraction 
around body)
Back
(Environment
Reflections)
KS MSE KS MSE KS MSE KS MSE
Lognormal 0.96 0.04 0.98 0.03 0.97 0.04 0.97 0.02
Nakagami I 0.01 1 0.03 0.87 0.06 1 0.02
Rayleigh 0.08 0.14 0.21 0.21 0.7 0.07 0.4 0.07
Rice 1 0.05 0.98 0.05 0.62 0.08 1 0.04
Weibull 1 0.05 0.99 0.05 1 0.06 1 0.04
The Gamma distribution corresponds to the Nakagami-m PDF in die amplitude domain. The 
parameter m for the first delay bin is modeled separately, whereas after the first bin, the m~ 
parameter for the front of the body nip was found to follow a quadratic polynomial witli respect 
to tlie bin number. Regression analysis has shown tliat trip can be expressed as
r
m,
10.56 7 = 1
[ 0 .0 0 6 ( 7 - 2 )  - 0 . 1 7 ( y - 2 )  +  3.5 J > 2 (7.3)
The Nakagami-n; parameter for the front of the body with respect the bin number is illustrated in 
Figure 7-4.
In general the parabolic fit of the ?»-parameters can be attributed to the fact that fading is 
superimposed to the existing paüis o f the simulated profiles. If  the existing last bins of the 
profiles presented significant fading, tlien the path amplitudes would deviate from the exponential 
decay in such a degree that would fall below the noise threshold. In other words, although the path 
arrivals statistics could have predicted the existence of a path, at tlie same time a small /«-value 
could have lead to its disappearance. Tlierefore, this would negate the use of the Bernoulli path 
occupancy probabilities and the whole process would be inconsistent. Furtliennore, as far as 
concern the first delay bins of the profiles , tlieir large m-value can be ascribed to the fact that 
MPCs that fall witliin those bins result from single scatterers and are not the superposition of 
many MPCs. This is actually the case for existing bins that arrive later in the profile.
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7.2.4 Simulation procedure
So fai' tlie profile parameters required for PDP simulation have been analyzed. According to the 
above analysis, the PDP of a random profile gp  at a distance p  and at an orientation angle 6^ 
conesponding to the front region of the body is expressed as
=  (7.4)
y-2
Parameters Vp and Ap are generated by use of the Weibull distribution as follows
?P ~  wbl (0.42,175) (7.5)
Ap-wbl (0.2,2.19) (7.6)
X p  ( / )  and S p ( j )  are random numbers drawn from the Bernoulli and Gamma distribution and 
tlieir associated parameters 7^ (y )a n d  (y ) and are given by Equations (7.2) and (7.3) 
respectively. Gj, wliich is the power gain of the first arriving component, is estimated by
integrating Equation (7.4), so that the total power gain as expressed in Eq. (6) to be equal to the 
summation of power gain o f all subsequent MPCs within the same profile. By doing so, we have 
that
4  = G, | l  + ( j ) l  (7.7)I 7=2 J
Based on the analysis o f Chapter 6, Lp given by
^ f (P>^a ) G-8)
where notation is similar to the one used in tlie previous chapter. Solving Equation (7.7) with 
respect to G ,, leads to
Witli Fp being
Fr  =  f  ( J )S^  ( J )  (7.10)
7=2
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In Equations (7.4), (7.7) and (7.10), the fact that observation time is given by t .  =  (y - 1) Ar,. was 
used, so tliat the first arrival path is observed in the time instant =  0 . The interval A t  
between two existing subsequent paths is then Ar,. =  0.33 ns (i.e. the inverse o f tlie bandwidth 
swept).
By combining Equations (7.4)-(7.10), the complete picture of tlie simulated delay profile can be 
revealed. Next, the results obtained from 100 cliaimel realizations are presented, generated based 
on the statistical model described above. The aim is to reproduce at first tlie small-scale statistics 
of the channel for the front of the body at a distance p  as well as to reproduce the RMS (Root 
Mean Square) delay spread of the channel over all grid positions. This is an important channel 
metric and is fiequently used for comparison between tlie empirical data and tlie simulated results 
in PDP simulation studies [122].
Figure 7-5 depicts the empirical and simulated total signal variations within an exemplary grid, 
when the transmitter faces the front region o f tlie body. The simulated profiles resulted from using 
the MIP-PDP model as well as the SSA-PDP model with fading superposition. In order to 
implement the SSA-PDP model the average values o fL p ,X p ,  (y) and 5"^ (^y)(w here
iS'^(y) —l , y /  ) from the measurement data were used, and tlien independent distributed
Bernoulli (to describe patli arrival) and Gamma (to describe variation around tlie mean 
exponential decay model) RV’s were superimposed at each delay bin. It is evident from the 
presented results, tliat both models have similar behavior in tenus of capturing tlie fading 
characteristics of the channel. This matcliing proves that the total small-scale fading and the 
individual bin fading procedures produce similar results. This finding which agrees with intuition, 
since the total fading results from variations of individual delay bins.
In Figure 7-6, tlie RMS delay spread r , of tlie empirical data is compared to the simulations 
resulted by using both models. It is apparent that in tliis case the MIP-PDP metliod provides a 
better approximation of the empirical data, when compared to the SSA-PDP with fading 
superposition approach.
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Figure 7-5. Comparison bet^veen the measured and the simulated CDF of the total power gain in an
exemplary grid- Front of the body.
Empirical data 
Simulated data based on 
MIP-PDP model 
Simulated data based on 
SSA-PDP with fading superposition
Figure 7-6. Comparison betiveen the measured and the simulated CDF of the RMS Delay Spread, in
an exemplary grid- Front of the body.
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7.3 Synthetic PDP Modelling For the Side Region of the Body
Measiu'emeuts for the side of the body were made with tlie body always facing its nearest wall. 
Data analysis has shown that for tliis body region the recorded profiles have eitlier one or two 
clusters which were identified manually similarly to [96]. The probability o f observing one cluster 
was found 0.57 whereas tlie probability of obseiwing 2 clusters was found 0.43. This effect is 
described by using another Bernoulli RV denoted by X ^/. A Bernoulli RV value “ 1” is assigned to 
profiles having one cluster, whereas “0” is used to describe profiles with two clusters.
7.3.1 MIP channel parameters
In order to generate a random local PDP gg  at a distance p  and at an orientation angle 0^ 
corresponding to die side region o f die body, die randomness in the number o f clusters obseiwed 
should be taken into account. Therefore, g  g is expressed as follows
( 0  ^  ^c iS is  (^) + (1 - )S2s{^)  (7 .H )
Notation corresponds to tiiose PDP having one cluster, whereas g,^  coiTespond to diose 
profiles diat have two clusters.
7.3.1.1 Single-cluster MIP parameters
To produce the first profile group (i.e. gj^ ) Equation (7.4) was used. However, die parameters for 
the front o f the body were replaced by die estimated parameters for the side region of the body.
Similarly to the front of the body, die discrete Bernoulli PDF is used to describe whether or not a 
path exists witiiiu a specified delay bin. The probability o f occurrence for each bin Pg (y) is the
mean value of the Bernoulli distribution and for the side region of the body is expressed as
follows
1 7 = 1  
P^{j) = . Q . 8 - ^ { j - 2 )  2 <J <J ,  (7.12)
J > J o
with y'o =  80. In Figure 7-7, die empirical path occurrence probabilities and the model that 
describes these probabilities with respect to die delay bin, are illustrated
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Figure 7-7. Empirical and modelled path occurrence probabilities -Side of the body. 
Furtliennore, at each individual profile an exponential power decay parameter was assigned 
and since exponential decay starts again from the second delay bin, die relative gain of the second 
path o f the profile was also expressed with respect to the first path, as . Parameters and
were found to be independent o f distance and to follow the Weibull distribution with scale 
parameters 0.38 and 0.05 and shape parameters 1.35 and 2.77 respectively. For clarity, these 
parameters can be presented as r ,  ~  iv6/(0.38,135) and/l^ ~  w è/(0 .05,2 .7?). Figure 7-8 and 
Figure 7-9, illustrate the adequate Weibull fit to the CDF of the empirical values and 
respectively. Note that tliese values are applicable for single cluster realizations only (i. e. when
To complete the channel model implementation picture conesponding to a single cluster 
realization, tlie effect o f MFC power deviation around the exponential decay law was examined. 
Results indicate that similarly to the results obtained for tlie front of the body tliis effect can be 
again described by a Gamma distribution. The parameter m for the first delay bin is modeled 
separately, whereas after the first bin, the ni-parameter for tlie side of the body was found to
follow a quadratic polynomial with respect to tlie bin number. Hence, ttig is described by the 
equation below
m, U)  =
14 7 = 1
0.0006 (./ - 2 f -  0.03 (y  -  2) + 2.4 j > 2 (7.13)
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The Nakagami-JM parameter for the side of the body with respect the bin number is illustrated in 
Figure 7-10.
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Figure 7-8. Empirical and Weibull CDF for the side decay coefficient
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Figure 7-9. Empirical and Weibull CDF for the side power ratio l\
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Figure 7-10. Nakagami-w parameters with respect to the bin number, for the side of the body.
7.3.1.2 Two-cluster MIP parameters
In order to simulate tlie two-cluster PDFs, a modified Saleli-Valenzuela -S-V- [26] model was 
applied. Implementation of this model requires some additional parameters compaied to the 
parameters required for single cluster realization. These parameters are the inter-arrival time 
between clusters , the inter-cluster decay coefficient/l^ and tlie intra cluster decay coefficients
and that correspond to the first and the second cluster respectively. Parameters A^  and A^
were found to follow a lognomial distribution, whereas parameters and A^are Weibull
distributed. The statistical properties of the paiameters described above as well as their 
representation are provided in Table 7-2.
Table 7-2. Statistical parameters used in the two-cluster PDP simulation.
Parameter Distribution Representation
Weibull r^ -w N (l2 .1 ,2 .8)
Ac Weibull Ac ~ wh/(0.1,1.6)
A Lognormal A, -  log 7t(-1.3,0.73)
A, Lognormal An ~ log «(-2 .4 ,0.4)
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111 the following figures, the CDF of the modeled paiameters used in tlie two-cluster PDP 
realizations are plotted and each one of them is compared to the respective CDF that resulted from 
the empirical data.
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Figure 7-11. Empirical and modelled CDF for the cluster interarrival times - Side of the body.
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Figure 7-12. Empirical and modelled CDF for the inter-cluster decay coefficient - Side of the body.
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Figure 7-13. Empirical and modelled CDF for the intra-cluster decay coefficients \ - S i d e  of the
body.
7.3.2 Simulation Procedure
111 order to complete the simulation procedure, each bin is multiplied with a Bernoulli RV (y ) 
with parameters given in Equation (7.12) and witli a Gamma RV>S'^(y) witli mean 1 and lu- 
parameter given by Equation (7.13), Therefore according to the above analysis, the PDP of a 
random profile at a distance p  and at an orientation angle corresponding to tlie side
region of the body, is expressed by Equation (7,11) witli
g, J (0  = G.5 (r - 1-, ) + ;-,G, { j % { j ) s ( t - i ; j )
J=2
which is applicable to single-cluster realization, and
S2S ( 0  = G,S, (1) ' f  {J)S, ( J ) s { l - r , )  +
. / - I
(7.14)
(7.15)
which applies in a two-cluster realization of the PDP.
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Figure 7-14. Comparison bet^veen the measured and the simulated CDF of the total power gain in an
exemplary grid- Side of the body.
Equation (7.15) results by applying tlie presented modified S-V model in a two cluster realization. 
Furthermore, parameter V, denotes the last bin o f tlie first cluster and can be easily calculated 
fiom the cluster iuterarrival time which was found to follow the Weibull distribution with 
parameters depicted in Table 7-2, Therefore,
(7.16)
where v, is rounded to its nearest integer. The procedure followed to estimate (?j is similar to the 
one presented in Section 4, for both single and two cluster profile realizations.
Figure 7-14 illustrates a comparison among the empirical data, tlie proposed model and the SSA- 
PDP model with fading superposition. It is apparent that botli methods adequately simulate the 
total power gain of the empirical data. Certainly, this observation agrees with intuition, according 
to tlie analysis presented previously for the front of the body.
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Figure 7-15. Comparison behveen the measured and simulated CDFof RMS delay spread- Side of the
body.
In Figure 7-15, the RMS delay spread of the empirical data is compared to tlie simulations 
resulted by using both models. At first it can be observed that there is not an obvious difference 
between tlie two models, as botli using the mixture approach of either one or two clusters. 
However, it is apparent tliat the MIP-PDP metliod better captures the range of the empirical delay 
spread. As depicted in tlie presented figure tlie range o f tlie empirical values of delay spread 
extents fiom 5,4 to 10.5 ns. Furthermore, the range of the simulated values of delay spread 
according to the proposed model extents from 4.6 to 10 ns. However, the range of the RMS delay 
spread values according to the SSA-PDP witli fading supeiposition model is from 7.2 to 9.5 ns. 
As discussed earlier, tliis result is a consequence of the fact that the proposed metliod takes 
advantage of the whole range of tlie empirical data by using a direct approach in modeling the 
channel random profiles.
7.4 Synthetic PDP modeling for the back region of the body
Measurements have shown that the PDP shape changes when the body orientation angle 0^ 
becomes bigger than 120°. Specifically, the first arriving path is not the strongest component of 
tlie PDP and an increase in the received power is observed until tlie profile reaches its maximum 
level (strongest component). Afterwards, tlie power falls in a similar manner to the one described 
ill Section 4. Due to this property and for modeling convenience, the profiles for the back region
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of the body were separated into two different complemeutaiy parts. A similar analysis was 
performed in [96], tor on-body channels.
7.4.1 PDP modeling for diffracting paths around the body
The first part of the PDP consists of MPCs diffracted around the body, as well as o f MPCs that 
diffract around Hie body although they might have different origins (e.g ceiling and ground 
reflections). It was found tliat these components occupy on average tlie first forty delay bins of the 
PDP. Moreover, they contain on average 30% o f the average PDP power. Matliematically, the 
PDP conesponding to tlie components diffracting around the body can be modeled with the 
following exponential increase law
J = 4 0
g,B =  ( J ) S „  (7.17)
In tlie equation above, the exponential increase parameter was found to be Weibull distributed 
and tlie parameters o f tlie Weibull fit are given in Table 7-3 . Moreover, ( / )  is generated by 
the use of the Bemoulli distribution witli mean value given by tlie following linear expression
^ m (j)  = -P «(7) = 0-14 + 0 .023(;-1 ) J>1 (7.18)
In contrast to tlie results for the front and the side regions o f the body (_/) are generated as 
Weibull distributed random numbers with mean 1. The 6-shape parameter o f tlie Weibull 
distribution was found to follow another Weibull distribution with scale parameter 1.8 and shape 
parameter 9.6, i.e. 6 ~  U’6 /(l.8 ,9 .6). Finally, which is the RV tliat describes the
small scale variations around the mean patli loss, is modeled again by a uonnal distribution which 
has mean 1 and standard deviation 0.69, - i.e. ~  V (l,0.69)-.
The empirical and modeled channel parameters described above, are illustrated in tlie figures 
below.
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Figure 7-16. Empirical and Weibull CDF for the back decay coefficient -Components diffracting
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Figure 7-17. Empirical and modelled path occurrence probabilities for the back of the body ■ 
Components diffracting around the body.
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Figure 7-18. Weibull b-paraineter for coinpouents diffracting around the body.
7.4.2 PDP modelling for components reflected off the environment
The second part of the PDP consists o f MPCs resulting fiom reflections off the indoor 
environment. In this case the shape of the PDP can adequately be modeled by Equation (7.4) but 
as required, tlie parameters for the front o f the body should be replaced by the estimated 
parameters for the back region o f the body. Mathematically, tlie equation for the part o f PDP 
corresponding to reflections off the indoor environment, can be expressed as
=  (7.19)
J = 2
The probability P^ 2  0 )  ^ bin is occupied was estimated fiom tlie empirical data and found to
follow a similar expression to the one tliat describes the path occuirence probabilities for tlie side 
of tlie body.
^ B 2  (./) “  ^J}2 (./) -
1
47
./ =  1
J > J o
(7.20)
w here/o = 8 0 .
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Furtliennore, the exponential decay parameter and the relative gain o f the second patli -with 
respect to the first path statistics, which conespond to the part of the PDP resulting from 
reflections off the indoor environment, are also given in Table 7-3.
Table 7-3. Statistical parameters used in the simulation of the back region of the body.
Parameter Distribution Representation
^Bl Weibull ~ w6/(0.37,1.5)
^B2 Weibull ~ vvZ>/(0.08,3.89)
‘^b2 Weibull r^ 2 ~ wè/(0.42,1.35)
Similarly to tlie front and side region of the body, the power deviations around the exponential 
decay law are modeled as Nakagami distributed RVs, The parameter m is again a function o f the 
delay bin and can be expressed as follows
r 7.02 ;■ = ] (7.21)
It should be noted tliat the strongest path is modeled separately. Finally, S^^2)tot 0) , Oie random 
numbers tliat describe the deviation of tlie total power around its mean value, are generated fiom 
tlie normal distribution with mean 1 and standard deviation 0.27 - i.e. ~  //( i,0 .2 7 )-.
The empirical and modeled chamiel parameters tliat describe tlie PDP that results from 
reflections off tlie environment are illustrated below. More specifically, Figure 7-19 depicts the 
path occurrence probabilities with respect to the bin number. Figure 7-20 plots the empirical and 
modeled values of the back decay coefficient Figure 7-21 demonstrates the Nakagami-»;
parameter as a function o f the bin number. As mentioned previously, tliis parameter describes the 
power deviation from the decay law followed by the measuied profiles.
The CDF for RMS delay spread for measured and simulated profiles over all measurement grids 
are compared in Figure 7-22. Results higlilight once more that the MIP-PDP method provides a 
better description of tlie channel behavior when compared to the SSA-PDP method. This finding 
is verified for tlie part of the PDP corresponding to diffiaction around the body, as well as for tlie
130
____________________ Chapter 7. Power Delay Profile M odellws for UWB Off-body Propaj^ation
PDP part conesponding to reflections from the environment. Furthermore, the results obtained for 
the back of the body are in accordance with tlie conclusions that have been drawn for the front 
and the side regions of the body respectively.
Empirical probabilities 
Mode!0.9
0.7
I 0.6
'jDI 0.3a
0.2
0,1
100 120 140 160 180 200
Bin number
Figure 7-19. Empirical and modelled path occurrence probabilities for the back of the body 
Components reflecting off the indoor environment.
Empirical CDF 
Weibull Fit0.9
0.4laIdl 0.3
0.2
0.02 0.04 0.06 0.08
Back decay coefficient (reflections from environment)
0.16 0.18
Figure 7-20. Empirical and Weibull CDF for the back decay coefficient - Components reflecting
off the indoor environment.
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Figure 7-21. Nakagsuni-/« parameters with respect to the bin number, for the back of the body 
Components reflecting off the indoor environment.
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Figure 7-22. Comparison bet»veeii the measured and simulated CDF of RMS delay spread for he back 
of the body. Solid lines represent the empirical data; dashed lines represent the simulated CDF based 
on MIP-PDP model, whereas dash-dotted lines represent the simulated CDF based on the SSA-PDP 
with fading superposition model.
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7.5 Summary
111 this chapter, a statistical analysis o f UWB off-body radio propagation data has been 
presented. The recorded data were obtained from measurements carried out in a typical office 
environment. Based on tliis analysis a new channel model for evaluating communication channels 
of this sort has been proposed. In tlie presented work a direct metliod for modelling the MIP has 
been presented, which appears to give more accurate channel description when compared to the 
SSA-PDP with fading superposition metliod. The proposed approach, rather than superimposing 
the small scale statistics on tlie SSA- PDP treats each profile individually and thus makes a more 
extensive use of the empirical data. It has been shown that the model presented here-in can 
adequately simulate all tliree body regions; the front, the side and the back.
More specifically, tlie front of the body was modeled by applying an exponential decay law 
starting from the second delay bin, in a single cluster realization of the channel PDP. This is a 
consequence o f the fact tliat the first arriving path carries a lai ger amount o f power tlian what we 
would expect from an exponential decay model. In addition, the side region of the body was 
modeled by investigating separately tlie profiles that contain one cluster from those that contain 
two clusters. Furthermore, multiple models are proposed for describing tlie different propagation 
mechanisms when tlie on-body sensor is on die back region of die body. It is suggested diat 
modeling of the local diffracted components and the reflected components should be perfoimed 
separately. The probability o f bin occupancy, die power variations around the exponential decay 
law and the exponential decay coefficients have been also statistically described widi 
computationally simple distributions, commonly used in traditional communication theory.
The values extracted in this campaign are specific to the particular antemias and office 
environment used during the measurements. However, die methodology and the model structure 
are general and can be applied to similar measurement campaigns.
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8.1 Summary and Conclusions
The vision o f wireless communications is the implementation of tlie “body-centric 
communication” environment. This environment will help tlie elderly and disabled witli assisted 
living, patient monitoring and emergency response. Furthermore, body-centric networks can be 
used for entertainment, mood detection and information exchange applications. However, systems 
o f tliis sort must be implemented witli teclmologies capable o f providing tlie high information 
exchange rate, the low power signal emissions and the higli security level required. One o f the 
most promising wireless infrastructures that facilitate tlie compatibility o f such a technology in 
body-centric networks applications is the UWB system concept. Moving towards this direction, 
this tliesis has examined some of the major physical aspects of the UWB-WBAN communication 
channel. The scope of the presented research work is to provide some vital information that can 
contribute to the design and deployment o f robust body-centric networks.
This thesis starts witli an ovennew of UWB communication systems. The large bandwidth 
occupied by tlie UWB baseband pulses and the potential for high data rates and multipath 
immunity that UWB can provide are discussed. Furthermore, tlie restrictions on the transmitted 
power and spectrum of UWB signals imposed by several international regulatory bodies are 
presented. In order to comply witli these rulings, carefully designed baseband shapes, and robust 
modulation and signalling techniques must be employed. Furthermore, despite tlie promising 
features o f this new technology, designers must deal with limitations resulting from its full 
exploitation. To tliis end, multicarrier schemes are analyzed and discussed. Such schemes, intend 
to minimize the effect o f ISI and reduce possible time misalignment effects. Finally, Chapter 2 
describes the basic concept behind RAKE receiver structures which are expected to play an 
important role in the design of systems o f tliis sort. This structure is the only so far known 
receiver structure that can take advantage of the high resolvable UWB systems.
The concept o f UWB-WBAN along witli deterministic propagation approximations of the pure 
body-centric chaimel are presented in Chapter 3. A detailed classification of the different types of 
body propagation channels is provided and their implementation in real-life situations is
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highlighted through some exemplary scenarios. Thereafter, insights of different detemiiuistic 
modeling approaches such as electromagnetic scattering, UTD and FDTD have been presented. 
These methods can be applied when modeling the body-centric communications scenarios by 
taking into consideration the constitutive parameters o f the body in different frequency bands. 
Finally, the origin o f creeping wave propagation, which is tire main on-body propagation 
mechanism in UWB frequencies, has been analyzed and the exponential nature of the power law 
that dominates these surface diffracted waves has highlighted. Tins law has formed the physical 
motivation behind tire empirical-statistical analysis that has been carried out in the future chapters.
Major measurement and channel modelling techniques for UWB on-body propagation 
channels are presented in Chapter 4. Starting with a description of time and frequency 
domain channel sounding metliods, the discussion moves towards the basic tools of tlie 
statistical analysis carried out in tins work This analysis incoroporates tlie investigation 
the large and small-scale channel statistics. Furthermore, in order to describe the path 
arrival sequence, the Poisson and the Markovian A-K model are employed, based on 
UWB on-body channel measurements. New transition probabilities that describe this 
particular channel scenario are derived dhectly from the empirical data set. The modified 
Poisson model is found to provide a better fit witli respect to botli tlie path occmrence 
probabilities and the cumulative path density distributions.
A novel, multi-slope dual breakpoint model for predicting path-loss in UWB off-body 
communication channels, is presented in Chapter 5. This model is based on real-body 
measiuemeiits, carried out in the frequency range between 3.5GHz-6.5GHz, in an aneclioic 
chamber and tlie output o f tliis model is a function of both distance and body orientation. The new 
parameters tliat describe this specific propagation environment are found to be the radial and 
azimuth decay coefficients and the lit and shadow-regiou breakpoint angles. These angles separate 
the body into the front, the side and the back region. Results show that tlie lit-regiou breakpoint 
point angle increases exponentially witli distance, whereas the shadow-regiou breakpoint angle 
and the azimutli decay coefficient remain unaffected by changes of the T-R separation. Based on 
this finding tlie near and far field areas of the pure BAP channels are defined. Finally, the newly 
estimated decay coefficients imply severe degradation as the receiver moves in between the two 
critical angles, whereas the signal strength remains almost impassive to angular shifts within the 
front and the back o f tlie body.
Chapter 6 firstly provides a generalization die power model developed in Chapter 5, from 
measurements carried out in an aneclioic chamber. More specifically, it is appropriately modified 
so tliat it can take into consideration tlie effects tliat the indoor scattering has on tlie pure UWB
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ofi-body propagation channel. Based on real measurements carried out in low (corridor) and high 
dense (office) multipath environments the channel parameters are extracted. It is shown that the 
front and the back azimuth decay coefficient can be considered independent of distance, whereas 
the azimuth decay coefficient conesponding to the side region of the body has lower values at 
larger distances. Furthermore, tlie lit-region breakpoint angle increases with distance, whereas the 
shadow-region breakpoint angle decreases with antenna separation. Therefore, the presented 
results imply tliat the body orientation has a more significant impact in the received power, at 
shorter distances rallier than at longer distances. This fact is more evident in dense multipath 
environments, where multipath contributions from scattering objects have a stronger impact on 
the total signal strength.
The small-scale fading of the total received signal power was found to follow a normal 
distribution. Although die fading effects were mostly investigated for die office environments, 
similar results were obtained by measuring an exemplary grid in the comdor. Analysis also 
suggests diat the coiTelation among the power gains of multipath components arriving at different 
excess delays is negligible.
Fuifiiemiore, investigation of RMS delay spread highlights once more the important effect diat 
indoor wave propagation has on UWB-BAP channels, since RMS delay spread is exponentially 
distributed for the corridor and die aneclioic chamber enviromnent, whereas its normal fit is 
maintained for the office environment. Finally, it is important to mention that an investigation of 
how the channel delay spread varies with distance is perfomied, for both indoor enviromnents and 
for all body regions. It is foimd that the channel delay spread delay slightly increases with 
distance for the front and the side body region. However, when the receiver is in the deep shadow 
region o f die transmitter-back o f the body, the delay spread increases in the corridor and dr ops in 
the office room.
Chapter 7 continues from Chapter 6 to develop a general approach that can be followed in 
modeling and simulating the PDPs of die UWB off-body propagation channel. In the presented 
work a direct method for modelling the MIP has been presented, which appears to give more 
accurate channel representation when compared to the SSA-PDP with fading superposition 
method. The proposed approach, radier than superimposing the small scale statistics on the SSA- 
PDP treats each profile individually and thus makes a more extensive use of the empirical data. It 
has been shown that the proposed model can adequately simulate all three body regions.
More specifically, the front o f die body was modeled by applying an exponential decay law
starting from the second delay bin, in a single cluster realization of the charmel PDP. Tliis is a
consequence of die fact that the first arriving patii carries a larger amount of power than what
would be expected from an exponential decay model. In addition, the side region of the body was
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modeled by investigating separately the profiles that contain one cluster from those that contain 
two clusters. Furthermore, multiple models are proposed for describing the different propagation 
mechanisms when the on-body sensor is on tlie back region of tlie body. It is suggested tliat 
modeling of the local diffracted components aud the reflected components should be perfonned 
separately. The probability o f bin occupancy, die power variations around the exponential decay 
law and the exponential decay coefficients have been also empirically-statistically described, for 
all body regions, with computationally simple distiibutions, commonly used in tiaditional 
communication theory.
8.2 Future Work
The work presented in this thesis can be fuiflier extended to incorporate among many others, the 
following fields:
Performance evaluation o f  the UIVB ojf-body channel'. The proposed PDP simulation method 
can be used in die performance evaluation of optimal and sub-optimal Rake receiver stnictures. 
More specifically, a semi-analytical metiiod [125] can be used in order to find die performance 
degradation of P-Rake and S-Rake structures when compared to die optimal A-Rake receiver. 
This investigation should be caixied out for different modulation types and for different body 
regions. By using this approach, the optimum number o f fingers can be determined and the use of 
die selective or partial Rake arcliitecture can be adequately described. Furthermore, the above 
receiver structures can be evaluated for different transmission bandwidths. For instance, in a study 
for die UWB indoor channel [68], it is shown that for a baiidwiddi which is considerable less than 
7.5 GHz, a P-Rake is the most viable option, whereas for larger bandwidths the S-RAKE 
outperforms the P-RAKE architecture. Finally, die Bit Error Probability (BEP) should be 
evaluated for different types of fading channels (e. g Weibull, Rayleigh, Rice, Lognormal).
Complete UWB off-body channel characterization: It is evident from die presented work, diat 
there is still flirther work to be carried out as far as concern die characterization of die UWB off- 
body channel. More specifically, measurements should be conducted with the receiver mounted 
on other parts o f the body rather dian only die body trunk. As mentioned in Chapter 3, different 
applications might require that the on-body sensors be positioned on the wrist, the leg, the 
shoulder or the head of the user. Furdiermore, there are numerous additional body postures diat 
should be considered. For instance, the body might lie on a bed, might be sitting on a chair, or 
might be obstiucted by hand movements. Finally, since die antennas are considered as part o f die 
system, nieasnrements should be carried out for different on-body anteima types.
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Characterization o f  the UWB body to body channel: The body to body communication link can 
offer wireless communication between individuals by seamless exchange of information. For 
example, patients conld exchange vital information witli tlieir doctors by merely transmitting their 
medical history files to the doctor’s personal base station. However, from a channel modeling 
point of view, the characterization of body to body channels presents increased complexity 
compared to other WBAN systems and some data reduction teclmiques should be applied 
whenever applicable, in order to obtain a first flavor of the chaimel characteristics. For instance, 
to measure the body to body channel for N  different azimuth points in a controlled environment.
it would be sufficient to measure only instead of N  locations due to tlie2
property of the formed symmetric matrix. However, for completely dissimilar body 
circumferences, tlie symmetry property is not maintained and all links must be measured and 
characterized.
Characterization o f  the UWB body proximity channel: New measurements must be carried in 
order to characterize the scenario where a body is shadowed by other bodies. This type of chamiel 
can be investigated by moving a group of people along specific routes formed by tlie body and the 
AP and recording the alteration of the received signal with respect to body orientation and T-R 
separation.
Characterization o f  narrowband WBAN: UWB technology is still in its infancy and due to 
interoperability problems with the current wireless standards, it is not expected to be 
conmiercialized soon. For tliis reason, tlie different types of WBAN should be characterized for 
immediate narrowband and wideband applications. Moving towards this end, the narrowband on- 
body channel has been characterized in [126] for carrier frequencies o f 2.45 GHz and 915 MHz. 
Furthermore, all other WBAN links must be measured and modeled for carrier frequencies used in 
all tlie currently available wireless technologies such as Bluetooth, ZigBee and 802.llx . Finally, 
in order to mitigate tlie impact of nairowband multipath fading, the use of on-body multiple 
antenna systems should be studied and evaluated.
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